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Abstract 
Hybrid systems consist of integrated complex solutions that can use renewable energy 
sources as well as fossil ones in order to cover both the space heating/cooling and 
domestic hot water demand of a building. 
Because of the complexity of these systems, a common reason of their malfunction or 
degradation of performances is due to the errors committed during the installation phase. 
So, it is recommend to produce these systems as compact pre-fabricated units, or to 
produce pre-fabricated module for connecting the main components. This in order to 
reduce to a minimum the work of the installer on site and thus the possibility of 
installation errors. 
The hydraulic module, designed by EURAC, is a device that can be used to optimise the 
thermal energy management of a building and for measuring the thermal energy 
consumption. This work summarises the results of its characterisation, the uncertainties 
analysis and the solutions proposed to improve its measurement accuracy as heat meter. 
For what concerns the measurement of the “bulk” temperature of the flowing fluid, it is 
requested to assess this one by ribbon RTDs Pt1000 from the measurement of the 
temperature of the external pipe surface. This latter is affected by the mixing convection 
heat transfer phenomenon that occurs inside the hydraulic module due to the presence 
of an uninsulated flat plate heat exchanger. Therefore, a correction function was 
obtained experimentally to relate the temperature drop between the flowing fluid and 
the pipe surface to the temperature drop between the surface and the air inside this 
module. Its validity is limited to this application considering copper pipe with water as 
flowing fluid in a range of temperatures between 10-85°C. 
 
In addition to this, the characterisation of the system seasonal performance devoted to 
the system energy labelling is a relevant topic as remarked by public authorities and 
manufacturers. Different research institutes are merging towards a harmonized 
procedure for assessing their seasonal performance by short laboratory test. However 
until now, a standardised energy performance rating procedure that takes into account 
the dynamic working conditions and the interaction among components is not available. 
 
The second part of this thesis reports on a preliminary version of the dynamic system test 
procedure developed at EURAC. In particular, it is shown the method adopted to 
reproduce close-to-reality boundary conditions in the laboratory and the results of a first 
check Short Dynamic Test sequence that give in-depth information about the behaviour 
of the tested system and its components.  
Six different test days were performed with one pre-conditioning day. The thermal and 
electrical energy measured were compared with the same case, simulated in TRNSYS. 
This was done for evaluating the goodness of the models and methods adopted for the 
test and to inspect the system real behaviour.    
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The performance of the electrically driven water to water heat pump was analysed in 
depth for the winter test, in order to assess the penalisation of its performance during 
four different transient periods with respect to the steady state working conditions. 
The analysis of the test results has led to proposals for improving the simulation of some 
component and of the operation of the overall laboratory test.  
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1 Introduction 
In the last years different measures had been taken by several institutions in order to 
limit the effects of climate changes. Much more will be taken in the future (source IPCC 
[1]). This fact, together with the will of some European states to reduce fossil fuel imports 
and ensure their energy supply from geopolitical problems, is leading to big changes in 
the energy sector [2]. 
Even if the demand for fossil fuels is commonly expected to grow over the foreseeable 
future, the renewable energies source will have more space both in the developing 
countries and in the industrialized ones. In fact, in these latter, the governments are 
incentivising investments in low-carbon technologies with the purpose of achieving their 
carbon reduction targets [3]. 
As it is well known in Europe, the heating and cooling residential sector contributes in 
share of about 40% in the overall final energy consumptions for the production of heat 
(source RHC Platform [4]). For reducing these consumptions both in new and existing 
buildings with energy efficiency and new technologies, the hybrid systems can be applied. 
These consist of integrated solutions (customer built or industrialised) which can use 
renewable energy sources as well as the fossil ones. Solar Assisted Heat Pumps (SAHP) 
systems belong to this group and are able to satisfy the increasingly request of comfort 
covering both the heat and cooling demand with the same machine.  
In general the behaviour of heating and cooling systems, also integrated with renewable 
energy, is strongly linked with the complexity of the architecture and the control 
strategies. Their performance and operating mode must be analysed in a global way 
considering as a whole the building and the heating/cooling plant of which is equipped.  
The interactions between climate conditions, occupation and use profiles of the building 
and its thermal and structural characteristics entail dynamic behaviours that influence 
the performance of the heating/cooling plant and put in difficulty its control system. 
Because of the complexity of the problem, the performance assessment of such thermal 
systems is a hard task. 
Furthermore, for a general heating/cooling system, the dynamic operation and the 
interactions among its components and its controller make the use of stationary tests 
unsuitable for the assessment of their seasonal performance in an almost realistic way. 
According to the European Directive 2010/30/EU [5] all energy-related products must be 
labelled in order to define their performance and energy consumption, but even now a 
standardised procedure to assess the performance of hybrid systems as a whole is not 
available. 
The aim of this work is to investigate through laboratory tests the performance of a hybrid 
system used to cover the space heating, cooling and domestic hot water demand of a 
building. The case studied consists of a single family house located in Bolzano (Italy). This 
system is composed by an air source electrical driven compression heat pump, a solar 
thermal collector field, two buffer tanks and a hydraulic distribution modules. 
The first Chapter presents in a concise way an overview about hybrid system concepts, 
the developments in recent years of their market in Europe and the importance of their 
12 
   
 
industrialization. Finally, some laboratory test methods used to assess the performance 
of these systems as a whole are discussed. 
In the second Chapter there are reports and descriptions of the laboratory tests that were 
performed for the commissioning of a hydraulic module prototype. This innovative 
component can be employed in heating/cooling systems with great advantages in 
managing the energy flows and in counting the energy consumptions.  
The third Chapter presents the importance of a uniform representation of complex hybrid 
system and the figures of merit of the main components of a solar heat pump system. In 
the second part it is described a first version of dynamic test procedure developed at 
EURAC. 
Finally, the last Chapter shows in the first part the details of the case study considered 
for testing a hybrid system while in the second part the results of a first six days test 
sequence performed in the COSMO laboratory.  
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1.1 Solar thermal hybrid systems: classification and market 
overview 
In principle different Heating, Ventilation and Air Conditioning (HVAC) solutions may be 
obtained by combining a number fossil and renewable energy sources into a single 
complex hybrid system. In the case of solar assisted heat pumps (SAHP) different hybrid 
system concepts can be build up combining different kind of solar collectors, back-up 
systems and compression heat pumps that work with different source/sink.  
In order to explain why it is necessary to use different sources/sinks it is important to 
describe how a heat pump works. It is a thermal machine that functions through an inverse 
thermodynamic cycle. In analogy with mechanical pumps, heat pumps transfer the 
thermal energy from a low-temperature reservoir (source) to high-temperature one 
(sink). To do this, work is always necessary in order to respect the energy balance and 
the Second Law of Thermodynamic. This because it is a fact of nature that heat does not 
flow spontaneously from a low-temperature reservoir to high-temperature one. For 
example, for Compression Heat Pumps this work corresponds to the mechanical work done 
by the compressor to the working fluid. The compressor can be drag by an electrical or 
endothermic engine. 
 
Fig. 1: Diagram of operation of a heat pump. 
Because of the variety of source/sink (air, ground, etc.) and driven energy used for the 
heat pump, different combinations of hybrid system can be obtained. Due to their 
complexity the definition of a unique representation method and a standardized 
performance evaluation procedure are an arduous task. 
Two main tasks have been completed by the operating agents of the IEA Solar Heating 
and Cooling (SHC) programme. These are dealing with the representation and the 
performance calculation of two particular category of hybrid systems: 
• the HPP Annex 34 “Thermally Driven Heat Pumps for Heating and Cooling” (2007-
2011); 
• the joint project between SHC and HPP Task 44 / Annex 38 “Solar and Heat Pump 
Systems” (2010-2013). 
The result is a systematic methodology described in Chapter 3, used to represent and 
evaluate the energy performance of complex hybrid systems in a simple and transparent 
way, regardless of the technology. This allows to make as clear as possible to the users 
the operation of such systems, the advantages that they can obtain using this and the 
comparison with other traditional heating systems that are on the market [6]. 
14 
   
 
Beside the classification based on the heat pumps source/sink (air, water, ground, etc.) 
and the energy carrier used to drive the system (electrical or thermal), these hybrid 
systems can be classified in a way that identified how the heat pump and the solar 
collectors interact. In particular, tree general “concepts” can be combined:  
•  “Parallel” systems are characterized by the fact that the solar thermal collectors and 
the heat pump independently supply useful thermal energy, sometimes via one or 
more storages; 
• “Serial” systems are characterized by the fact that the heat delivered by the solar 
thermal collector field is used  either as exclusive or as additional  low temperature 
source directly by the heat pump; 
• in the “Regenerative” concept solar energy is used indirectly by the heat pump, in 
order to regenerate, usually in summer, the ground that is used as low temperature 
source. 
In Fig. 2 and Fig. 3, two examples of solar assisted heat pump (SAHP) system concepts are 
reported. In these schemes, the heat pump uses different sources and both of these 
systems are able to cover the heating/cooling demand as well as the DHW demand. 
In the system of Fig. 2 the heat pump uses only the ground as low temperature source 
through a geothermal heat exchanger. The solar collectors and the heat pump deliver in 
“parallel” useful heat in the DHW storage. Only the heat pump is used to cover the space 
heating and cooling demand. 
 
 
   
Fig. 2: Simplified hydraulic scheme (a) and visualisation (b) of the SAHP system “System 5” by 
Drexel und Weiss GmbH [7].  
 
In Fig. 3 the “serial” and “parallel” concepts are combined. The heat from the low 
temperature source is extracted by the heat pump from the ambient air or from the fluid 
flowing in the solar collectors. To cover both DHW request and space heating load, the 
useful heat is delivered indirectly by the heat pump and the solar collector field through 
the combi-storage.    
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Fig. 3: Simplified hydraulic scheme (a) and visualisation (b) of the SAHP system “HeatSOL” by 
SOLution GmbH [7].  
Numerous STHP systems have become market-ready over the last few years. The Review 
of Market-Available Systems done between the 2011-2012 for the IEA T44/A38 project [8] 
identified 135 market-available system. It reports that most of the surveyed companies 
that produce SAHP system are based in Germany (DE 38 %) or Austria (AT 15 %) and entered 
the SHP market in recent years as it is showed in Fig. 4 (a) and Fig. 4 (b).  
 
Fig. 4. Surveyed companies divided by country (a) and their entrance in the SHP market (b) [8]. 
As it can be seen in Fig. 5 (a) the main functions of SHP systems for residential applications 
are space heating and the preparation of DHW. In most systems these functions are 
available but few of them are exclusively designed only for DHW preparation. However, 
more than half part of the products that cover the space heating (SH) demand, are able 
to cover the space cooling (SC) demand too. This can be done in an “active” way through 
the heat pump and/or in a “passive” way via ground or water source. This second method 
is also known as “free” or “natural” cooling. 
The Fig. 5 (b) reports the distribution of the combinations of the different system 
concepts. The “parallel only” concept is the most widespread, thanks to its simple design, 
installation and control. The SAHP systems with the “serial only” concept are fewer than 
systems that are designed to operate with the combination of parallel/serial concept or 
with the combination of all concepts (P/S/R).  
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Fig. 5: Surveyed systems by function (a) and concept (b) (P: parallel, S: serial, R: regenerative) 
[8]. 
 
As it can be seen in Fig. 6 (a) the biggest part of these systems use only the air (27%) or 
the ground as an energy source (23). Few systems are designed to use non classical sources 
as water or exhaust-air. It is important to note that many systems (about 23 %) are 
designed to integrate the use of solar energy other than conventional sources as well.  
In Fig. 6 (b) it is plotted the distribution of the solar collector types that are installed in 
the SAHP systems surveyed.  Almost the half part of these are flat plate collectors (FPC) 
while a minority part of system contains evacuated tube collectors (ETC).  Recently 
developed photovoltaic-thermal (PVT) collectors are available only in very few market-
available STHP systems. 
 
   
Fig. 6. Surveyed systems by source (a) and collector type (b) [8].  
 
 
In Fig. 7 and Fig. 8 two examples of complex hybrid system that are available in the 
market are showed. What is important to note is the fact that these are non-industrialised 
systems that consist in plants, where single components (such as boiler and heat pump) 
are hydraulically connected and have to interact one another through a controller. 
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Fig. 7: A non-industrialized hybrid system scheme consisting of a boiler, an air-source heat pump 
and storage tanks suggested by Viessmann. 
 
Fig. 8: A non-industrialized hybrid system design consisting of a boiler (B), an air-source heat pump 
(C), storage tanks G,D), solar thermal and photovoltaic collectors proposed by Baxi. 
 
In the first picture an air-source heat pump is used coupled with a gas boiler as a backup 
system to cover both the DHW and SH demand. In the system of the second picture, the 
configuration is almost the same but in this case, solar thermal collectors are used to 
cover partially the DHW load, while photovoltaic panels can provide electricity for the 
heat pump. 
Due to the complexity and variety of systems available, two main requirements, that are 
investigated in the next paragraphs, are perceived by manufacturers and researchers and 
are: 
• the industrialisation of the solutions promoted on the market; 
• the standardisation of a laboratory test procedure for the performance assessment of 
the system as a whole. 
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1.2 Systems industrialization 
In order to reduce the possibility of on-site errors of installation of this complex systems, 
it is strongly recommended to the manufacturers to produce them as pre-engineering and 
pre-fabricated units [9]. In addition, this fact avoids downgraded performance due to 
non-optimized control strategy and allows to reduce the space of installation. This is a 
not negligible point that can help the dissemination of these technologies. Being 
composed of many components, many times the installation of these systems is not 
possible because of the lack of space. 
 
Fig. 9: Example of a recessed pre-fabricated hybrid system from Riello SpA (Model “In Hybrid”). 
In Fig. 9 an example of a compact-hybrid system available in the market is showed. This 
model built by Riello SpA consists of a recessed system that can be connected with solar 
collectors. It contains the storage tank, the internal unit of the air source heat pump, the 
gas boiler (back-up) and all additional components (expansion vessel, valves, etc.). A 
compact system like this, limits altogether both the duration and the possibility of errors 
of installation, unlike the systems presented previously.  
For the same reason, especially for the renovation of existing plant with the integration 
of renewable source, pre-fabricated modules must be preferred to assemble system and 
components.  
As an example of modules available in the market two models built by the company Lovato 
SpA are showed in Fig. 10. The model “CP Dual” Fig. 10(a) is a double zone 
counting/consumption management system with hydraulic junction while the model 
“Macuk S-SR” Fig. 10(b) is a substation for heating and instantaneous DHW with two plates 
heat exchangers.    
For this purpose a modular hydraulic module concept was developed in EURAC. Its 
description and commissioning tests results are reported in Chapter 2.  
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Fig. 10: Pre-fabricated modules built by Lovato SpA: “CP Dual” (a) and “Macuk S-SR” (b). 
1.3 Systems characterization and test methods 
Unfortunately, the rapid dissemination of hybrid systems on a market level has not been 
accompanied by progress on a standardization level. For a sustainable growth and market 
penetration of these technologies harmonized, affordable and transparent measures of 
quality assurance of the system as a whole is essential. This can be obtained through a 
standardized rating procedure that was the goal of different past international research 
projects (e.g. NEGST, Combisol, QAiST, MacSheep, IEA Task44/Annex 38, etc.) but that is 
not available yet. This test procedure has to objectively promote efficient products and 
represents the basis for energy efficiency labels and politically motivated incentive 
programs. Precisely the labelling and ecodesign for all energy-related products is the aim 
of the Directive 2010/30/EU of the European Parliament [5]. The label is a benchmark for 
the end-consumer to see how environmentally friendly and energy saving a product is. 
This evaluation is done put the product in a category ranging from A (best) to G (worst). 
This should help them choosing products that allow to save energy and thus money. This 
also provides incentives for the industry to develop and invest in design of energy efficient 
products. 
 
Fig. 11: Energy labels for air-to-air heat pumps. 
In Fig. 11 an example of energy label for an air to air heat pump is showed in which the 
heat pump performances (SEER for cooling and SCOP for heating) are evaluated through 
the standard EN 14825 [10].  
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A standardized test procedure must satisfy different requirements (e.g. comparability 
and repeatability of results, clarity, simplicity, flexibility, cost effectiveness, etc.) that 
usually are posed by contrasting stakeholders that are involved. These are policy makers, 
customer organizations, test institutes and manufacturers. On the other hand, from a 
technical point of view it must allow to test a system as a whole, under transient, realistic 
and reproducible operating condition.  
In Appendix A, there are reported many standards for the performance assessment and 
laboratory test of thermal components/systems. Following a brief description of these is 
presented. More details are available in [11], [12] and [13]. 
 Standards for solar thermal collectors 
ISO 9806-1/ ISO 9806-2: the first one describes the outdoor/indoor test procedure to 
assess the steady-state and quasi-steady-state thermal performance of solar collectors. 
It is not applicable to tracking concentrating collectors. The second one is applied to all 
types of solar collectors. It describes the tests method to assess their durability and 
reliability. 
EN12975-2: it allows to assess the collector performance in steady-state or quasi-dynamic 
conditions. It is not applicable for tracking concentrating collectors or when the storage 
unit is integrated with the collector. The testing conditions are different compared to the 
previously standard. The main features that are assessed are: 
- Collector output power;  
- Collector instantaneous efficiency: 
- dependence of direct and diffuse radiation, wind speed, sky temperature, incidence 
angle effects and effective thermal capacitance. 
ASHRAE 93: It allows to assess the collector performance under steady state conditions. 
This standard gives a procedure for determining the collector incident angle modifier for 
non-concentrating, stationary concentrating and for single-axis tracking collectors. 
 Standards for solar thermal systems 
ISO 9459-2: through the Complete System Testing Group (CSTG) it is applicable to solar 
system without auxiliary heating. This test method uses a series of one-day outdoor 
tests and a "black box" procedure that produces a family of "input-output" correlation 
equations. The system characterization is obtained by the determination of: 
- Input-Output diagram; 
- Draw-off temperature profile; 
- Tank overnight heat losses coefficient.  
This information is needed in order to obtain Long Term Performance Prediction (LTPP) 
of the system for one load pattern. 
ISO 9459-5: through the Dynamic System test (DST) some parameters are assessed and are 
used to predict the annual system performance. This latter passage is obtained with a 
specific computer program that uses hourly values of local solar irradiation, ambient air 
temperature and cold-water temperature.  
EN 12976-2: It is applied to describe the reliability and performance tests for “factory 
made” systems. Reliability test consists into verifying the resistance of these systems to 
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mechanical loads, thermal shocks, freezing, etc. For what concerns the performance 
assessment the two procedure of ISO 9459-2 and ISO 9459-5 can be applied. 
EN 12977-2: It describes the procedure to assess the performance of “custom built” 
systems through the Component Test System Simulation (CTSS) method. According to it, 
some parameters are determined through tests carried out for each single component. 
The performance of the whole system is predicted using a simulation program (TRNSYS).  
 Standards for heat pumps  
EN 14511-3: It provides the procedures to assess the performance of electrically driven 
heat pumps for SH and/or SC at full capacity and under stationary conditions. For this 
purpose a tolerance of 2,5% for each temperature from the beginning to the end of 
“equilibrium” period must be respected. Rating conditions are given for each kind of unit 
to assess the Coefficient of Performance (COP, for heating mode) and Energy Efficiency 
Ratio (EER, for cooling mode). The energy consumptions of integrated or not integrated 
auxiliaries (such as fans and pumps) are taking into account. 
EN 16147: It specifies test conditions and test method for electrically driven heat pumps 
connected to or including a domestic hot water storage tank. In particular the Coefficient 
of Performance for DHW production (COPDHW) is determined for five reference tapping 
cycles, thus considering non-stationary operating conditions. 
ANSI/ASHRAE 37: this standard defines five test method to evaluate the steady state 
performance of a unit depending on its capacity. A complete cycle for heating units is 
composed by a heating period and a defrost period. The efficiency of the equipment is 
not calculated in this standard. 
AHRI 320, 325, 330: they provide rating conditions for factory made Water-source/Ground 
water-source/Ground source closed-loop heat pumps. There are the definitions for the 
efficiency figures of the unit (COP, EER). The heating and cooling capacities are 
considering the net values, excluding supplementary resistance heat. The energy 
consumptions of auxiliaries are taking into account and a pump penalty is defined for 
ground source HP. 
EN 12309-2: it defines test methods for the determination of the Gas Utilization Efficiency 
(GUE) of gas driven adsorption or absorption heat pumps in heating and cooling mode. 
This performance figure is assessed at the full capacity and at steady state conditions. 
Therefore, energy consumption of auxiliaries and the degradation effect due to part load 
operation are not taking into accounts. 
DIN 33830-4: this German standard can be applied to test absorption heat pump units for 
heating. Different rating conditions are defined according intended place of installation 
and type of test. 
JIS B 8622: this Japanese standard is applied to absorption water/LiBr machines with 
refrigerating capacities of more than 25 kWth. Tests are performed in stationary conditions 
but additional tests to assess the performance at partial load are defined. The COP is 
defined but there are no specifications related to additional energy consumption due to 
pressure losses, etc. 
ANSI/AHRI 560: the test procedure provides a definition of steady state operation with 
tolerances for water/LiBr chilling machines. Part load performances are assessed at 
different conditions. 
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ANSI/ASHRAE 182: It uses test data at steady state conditions for the performance 
assessment of only absorption water-cooled units. These can use different working fluids 
(water/LiBr, ammonia/water, etc.) and can be direct-fired by fuels or indirectly fired by 
other hot heat-transfer fluids. The standard covers both heating and/or cooling 
applications. 
EN 14825: It is based on the temperature bin method to calculate the Seasonal Coefficient 
of Performance (SCOP) for heating and the Seasonal Energy Efficiency Ratio (SEER) for 
cooling applications. This evaluation can be done considering the performance of the 
machine at part load conditions and the ambient temperature frequency distribution for 
three reference climates (warm, cold and average climate). 
VDI 4650-1: It expresses the efficiency of the heat pump in terms of the seasonal 
performance factor (SPF) in which the performance in space heating and DHW production 
are calculated separately (with EN 14511 and EN 16147 respectively) and weighted 
according to the respective contribution to the annual energy demand. 
EN 15316-4-2: It allows to calculate the SPF with the temperature bin method for heat 
pumps used for SH and/or DHW production that can be driven electrically, with a 
combustion engine or thermally (absorption only). The nominal COP is evaluated with EN 
14511 and EN 16147, while the performance at partial load can be calculate according to 
EN 14825. 
VDI 4650-2: It defines several performance factors and uses efficiencies to assess the 
seasonal performance of a gas fired thermally driven heat pump in covering the different 
demands. This evaluation takes into account partial load test conditions. 
 Relevant test procedures to assess the performance of a system 
as a whole 
In this paragraph it is presented an overview of different test procedures finalized to 
assess the performance of the whole system, which may or may not already be included 
into standards. These can be divided into two categories according to the testing 
boundaries: "component-based testing" (CBT) and "whole system testing" (WST).  
In the first group each component is tested individually according to the reference 
standard. The seasonal system performance figures are calculated thanks to these results 
and simulations of the whole system. On one hand these procedures allow to scale the 
system size and to change its configuration easily. On the other hand, optimized control 
algorithms are not reached and the interaction among components is not considered.  
On the contrary, the “WST-Approach” includes all interacting and interconnected 
components (pumps, pipes, sensors, valves, tanks, heating/cooling generator, etc.) into 
the system boundary. The annual performance can be evaluated through 
modelling/simulation or more simply by direct extrapolation.  This approach is allows to 
evaluate the performance of the systems taking into account dynamic conditions, inertial 
effects, control strategies and the controller behaviour under “close to reality” test 
conditions. These latter are achieved through load file or “hardware in the loop” 
simulations of the heat sources/sinks. On the other side, these advantages are paid with 
complex test bench, higher test costs and with the fact that the obtained results are 
usually valid only for the tested case study conditions of climate, load profiles, system 
configuration and its size. 
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These procedures are classified in Table 1 (M. D. Schicktanz et al. [14]) according to: the 
boundaries considered during the test (component/system); in which condition these test 
are performed (indoor/outdoor or steady state/dynamic conditions); how the system 
behaviour is described/modelled (physical model/ performance map) and how the long 
term performance are assessed from the short test sequence results (simulations, 
extrapolation or frequency distribution), respectively.  
Table 1. Classification of rating methods for solar heating and cooling systems. 
 Component Based Test procedures  
Bin-method - EN 14511, EN 14825, EN 15316-4-2 
This consists of a procedure to assess the long term performance of air source heat pumps, 
from the test data obtained in steady state conditions and at full capacity (EN 14511). 
Thus, starting from the meteorological and load yearly data of the considered case, an 
hourly frequency distribution of the ambient temperatures is calculated. Each bin 
represents an interval of one degree Celsius.  Then the COP is extended to all source 
conditions and then its value for each bin is corrected to account partial load operations. 
After the calculation of the running time of the heat pump, auxiliary and driving energies, 
the bin performance factor is evaluated for each bin and used as weigh. The overall 
performance (SPF) is calculated with a sum of the weighted performance of each bin. 
In M.D. Schicktanz et al. [15] an attempt is done taking into account the solar gains 
exending this procedure to the radiation profile of a reference weather. 
Pros/Cons:  
(+) simple test bench can be used because the system has not be installed as whole; 
(+) simulations are not needed for the seasonal performance assessment of the whole 
system; 
(+) it is widely accepted because it is already used in the reference standards applied 
in the EU Ecodesign guideline (EN 14825, EN 12309);  
(-) the effects of the interactions among components and the controller are not taken 
into account; 
(-) the inertial and dynamic conditions are not assessed because the tests are carried 
out under steady state conditions; 
Method Institution Physical 
boundary 
Measurement 
location 
Measurement 
boundary 
conditions 
Description of 
equipment under 
test 
Calculation of 
long term 
performance 
Bin 
method 
FhG-ISE 
(Germany) 
Component Indoor laboratory Steady-state 
conditions 
Physical model 
parameters/ 
Performance map 
Frequency 
distribution 
CTSS ITW 
(Germany) 
Component Indoor/Outdoor 
laboratory 
Steady-state/ 
dynamic conditions 
Physical model 
parameters 
Simulation 
DST ITW 
(Germany) 
Whole 
system 
In-situ/Outdoor 
laboratory 
Dynamic 
conditions 
Physical model 
parameters 
Simulation 
ACDC SERC 
(Sweden) 
Whole 
system 
Indoor laboratory Controlled dynamic 
conditions 
Performance point Direct 
extrapolation 
CCT SPF 
(Switzerland) 
Whole 
system 
Indoor laboratory Controlled dynamic 
conditions 
Physical model 
parameters 
Simulation 
SCSPT CEA-INES 
(France) 
Whole 
system 
Indoor laboratory Controlled dynamic 
conditions 
Performance point Direct 
extrapolation 
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Component Test – System Simulation (CTSS method) - CEN/TS 12977 
The CTSS approach is based on some physical model parameters that are obtained from 
standardized steady state tests performed on each single components and on the 
controller. These are used to describe their characteristic performance in order to 
validate a numerical model of the whole system. Thus, the prediction of long term 
performance of the whole system is obtained by simulations where the component models 
are coupled according to the hydraulic connection scheme, for defined boundary and 
reference conditions as climate or load profiles.  
This procedure has been adopted as Australian Standard for characterising solar hot water 
system performance (AS/NZS 4234 - 2008).   Actually the method is extended to desiccant 
wheel based air-conditioners and solar space heaters which use a fan-coil (AS5389 – 2013) 
[16]. There is an attempt of extension of the procedure to sorption chillers [17] and to 
heat pump systems [18] where the dynamic model of the component is obtained through 
the Artificial Neural Networks approach. 
Pros/Cons:  
(+) simple test bench goes well to test single components; 
(+) the method is very flexible because the performance for the same system can be 
assessed without additional tests in different configurations;  
(+)  the performance of the system can be predict for any climate or load; 
(-) annual simulations are required to assess the system performance in each single 
case; 
(-) the inertial effects, pipe thermal losses and the real interactions among 
components are not assessed; 
(-) the effort of characterizing each component separately is more time-consuming 
and costly, instead of a test of the whole system; 
(-) the control algorithms must be adjusted for each single case if they are not 
available from manufacturers; 
 
 Whole System Test procedures 
The following test methods have some features in common because they did not develop 
entirely independently but with the collaboration of different European research 
institutes.  
Dynamic System Test method (DST) (ISO 9459-2) 
Within this method the system is characterized as a whole.  In fact with a “black-box” 
approach short outdoor tests are performed in order to identify some parameters with a 
dynamic computer model. These parameters which describe the characteristics of the 
tested system are used to obtain the yearly performance prediction by a computer 
simulation for specific load and climate conditions [19]. There are some limitations on 
the system size. The extension of this method for the evaluation of the long term 
performance of combined SHP hot water systems is proposed in G. Panaras et al. [20]. 
This procedure includes only three types of sequences: 
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1. SsolA / SsolB in order to assess the solar collectors performance at high/low 
efficiencies; 
2. Sstore in order to assess the overall store losses; 
3. Saux is intended to rate the thermal losses and the contribution of an integrated 
auxiliary heater. 
Pros/Cons:  
(+) the interactions among components and inertial effect are taken into account; 
(+) less detailed components information compared to the CTSS method can be used 
to model the system;  
(+)  the performance of the system can be predict for a large variety of climates or 
loads; 
(+) the physical model is builted with parameters that have a physical meaning and 
are easy to understand; 
(-) for complex hybrid system the prediction of the long-term performance can result 
less accurately because it is difficult to create an accurate physical model; 
(-) the test procedure and test facility are more demanding compared to testing each 
single component; 
 
Combitest / AC-DC (Annual Calculation Direct Characterization) 
This procedure is based on the CTSS method and is divided into two phases: 
• Direct Characterization in which performance indicators of the whole system are 
obtained from an indoor test sequence; 
• Annual Calculation in which the annual performance are predicted with a direct 
extrapolation from the test results for that fixed climate and load. 
The test procedure is divided into four phases: 
1. initial conditioning of the storage with auxiliary heating switched off; 
2. secondary conditioning with auxiliary heating switched on in realistic operation 
(two days); 
3. six realistic testing days as a “core” phase. Each couple of days is chosen to 
represent characteristic winter, summer and spring/autumn conditions. These  
days are selected in order to obtain the same fractional energy savings with that 
one obtained in the annual simulation at a certain site and load; 
4. final conditioning with auxiliary heating switched off in order to assess the energy 
content of the storage [21]. 
Regarding the boundaries conditions solar collectors are emulated using hardware-in-
the-loop simulations while the space heating and the DHW demand are reproduced with 
fixed load profiles. 
Pros/Cons: 
(+) tests are performed taking into account the dynamic behaviour during different 
realistic operating conditions; 
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(+) the performance of the system are predicted more accurately compared to the 
CTSS method because the system is tested as a whole, i.e. including system 
control; 
(+) the annual performance can be assessed easily with the direct extrapolation; 
(±) on one side, using a fixed load file allows to test different systems in equal 
conditions, on the other side, in this case, the influence of the real behaviour of 
the distribution system is not considered because a costant mass flow is used and 
there is not the emulation of thermostatic valves; 
(±)  by reducing the test to a six days sequence, the test cost are reduced as well as, 
but the accuracy of the results may be questioned due to the inertial effects; 
(-)  the extrapolation to other boundaries condititons is not expected because fixed 
loads conditions are used; 
(-)  a more effort is request due to the parameters identification phase; 
(-) the flow temperature to the heat distribution system is not controlled by the 
tested system but is controlled by the load file; 
 
Concise Cycle Test (CCT) 
This method extends the basic steps of the AC/DC method. Tests are performed indoor 
and both the solar loop and the heating/DHW loads are implemented by a real-time 
TRNSYS simulation. A series of additional and preliminary tests are carried out to adjust 
controller and mixing valves settings. The test sequence consists in: 
1. the cycle conditioning phase (18 hours), the energy stored in the tank and the 
energy stored in the virtual building is assessed in order to verify that they are  
equivalent at the beginning and at the end of the core phase; 
2. a core phase (12 days), where the system operates in a very “close to real” 
condition; 
3. final phase, in which take place the heat stored assessment and verification with 
respect to the beginning conditions. 
At first the 12 core days were chosen to best fit the corresponding average monthly 
radiation and temperatures. Than these are chosen taking into account the characteristic 
fluctuations of these quantities between the annual and 12-days file. The results of these 
tests are used to identify some model parameter that can be used in the annual numerical 
simulation for evaluating the seasonal performance of the whole system. Through this 
model the system performance can be calculated for different climates and buildings. In 
Fig. 12 is represented a scheme of the main steps of this procedure.  
Pros/Cons: 
(+) dynamic effects and component interaction under realistic operating conditions 
are assessed so that the system is tested as a whole; 
(+) the response of the heat distribution system is simulated so that the effect of the 
thermostatic valves are taking into account; 
(+) the tested system controls the flow temperature to the heat distribution system; 
(+) the seasonal performance can be evaluated for different climates and buildings; 
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(±)  hardware-in-the loop simulations allow to test the system under a very realistic 
condition but requirements that regarding the test facility and the efforts for the 
test procedure are high in demanding and increase the test costs; 
(-) the long-term performances are obtained through simulations; 
 
 
Fig. 12: Iterative steps of the CCT method [22]. 
 
Short Cycle Performance Testing (SCSPT) 
This method is close to the CCT method. Tests are performed in semi-virtual test bench 
in which the thermal loads (DHW/SH demands) or sources are emulated through hardware 
in the loop simulations. 
The procedure foresees: 
1. an initial conditioning of the storage to 20 °C; 
2. a primary conditioning phase (8 hours) in which upper and lower part of the 
storage have to be brought to reasonable temperatures; 
3. a secondary conditioning phase (1 day) with the simulation of one winter day. This 
aims to bring the storage to an energy level which corresponds to the last day of 
the core phase; 
4. a core phase (12 days); 
5. the final discharge of the storage tank (8 hours). 
The core 12-days are selected through an iterative optimization process comparing the 
system simulations of the test sequence with the annual simulations. These days are 
chosen such that the extrapolated results corresponds to the annual space heating/DHW 
demand and internal energy of the store [23]. The scheme of this iterative process is 
reported in Fig. 13. 
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Pros/Cons: 
(+) the system is tested as a whole, so that dynamic effects and component interaction 
are taking into account; 
(+) different climates and different buildings with various heating loads have been 
investigated; 
(+) it is not necessary to identify some parameters to model the system or 
components; 
(+) the long-term performance are predicted through extrapolation; 
(+) the flow temperature to the heat distribution system is controlled by the tested 
system with a constant mass flow; 
(±)  the boundary conditions are emulated in-line with TRNSYS; 
(-) the test procedure and infrastructure (such as climate chambers and 
thermoregulators) are high in demanding and increase the test costs. 
(-)  the test results are valid only for the set up boundary conditions (such as load and 
climate) and that determinate system size. 
 
Fig. 13: Scheme of the iterative process to determine the 12 weather data file from the annual 
one [23]. 
In Leoconte et al. [24] an attempt to overcome this latter point is done by constructing a 
system model based on physical equations and Artificial Neural Networks. This kind of 
characterization allow to predict the system performance in any environment and with 
different size of its components. 
The goal of the ongoing EU project MacSheep is the harmonisation of the most advanced 
Whole System Test methods (AC/DC, CCT and SCSPT) towards a proposal standard for 
testing solar combi-system in combination with fossil fuel boilers. 
In M.Y. Haller et al. [9, 25] the main features of these procedures are discussed and 
compared with the component-wise test methods. In D. Chèze et al. [26] the first results 
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of the harmonized test conditions are reported while in the Derivable 2.3 of the MacSheep 
project [25] other details and the of derivation and validation of new six days and a twelve 
days test sequence for the direct extrapolation of the seasonal performance are 
described. These are validated only for one reference system in a fixed climate and fixed 
DHW and SH loads. 
 Conclusions 
The main lacks of the available standards for the components/systems performance 
assessment are: 
• they not cover all technology/applications and not consider the long term 
performance-decay; 
• test conditions for discontinuous machines and large system are not clearly defined;   
• except for the standard ISO 9459-2 (DST), transitory behaviour, inertial effects and 
control are not considered because all tests are carried out under stationary 
conditions and for each component individually; 
• a consistent and agreed definition of the performance figures and the method for the 
calculation of the Seasonal Performance Factor (SPF) for a complex hybrid system is 
missing. 
Regarding the component based test procedures these are flexible but not very reliable, 
because very relevant effects due to dynamic conditions, control strategies and 
component interactions are neglected. 
For what concerns the relevant whole system test methods, these allow to overcome the 
lacks of the component based test procedures at the expense of less flexibility in the 
extension of the results for different conditions and system size. Other critical points of 
these latter are: 
• for a fixed system, different  boundaries are adopted for the CCT method compared 
to the  SCSPT or Combitest; 
• the criteria of selection of the test conditions and the assessment of the long-term 
performance are questionable; 
• except for the CTSS and the latest development in the SCSPT methods, at this moment 
these procedure allow to  assess the system performance only for the tested boundary 
conditions;  
• the use of hardware-in-the-loop simulations for emulating the system boundary 
conditions are high in demanding in terms of knowledge, test bench and costs. Only a 
few could afford adopting these ones. 
In the last years different IEA Tasks and EU research projects (Combisol, 
Solarcombi+,NEGST, QAiST, etc.) were focused on the performance assessment and test 
procedures for renewable heating and cooling component and system. Actually a 
reference standard to assess the long-time-performance of a system as a whole is not 
available. 
The overall considerations on component and system level motivated EURAC in the 
development of new dynamic test procedures for renewable heating and cooling 
components/systems. The procedure at component level is based on the Rain flow cycle 
method that is a statistical method applied in the mechanical fatigue analysis to 
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structural elements. This procedure has been validated for an adsorption chiller and a 
reversible compression heat pump. The description of this procedure and the validation 
results are presented in D. Menegon et al. [27] and in A. Vittoriosi et al. [28]. 
As further development of previous studies a test method on a system level is still 
developing. The idea is to perform a short dynamic test sequence that allows to assess in 
a correct way the system performance for different climate conditions. This because of 
the performances of a system which includes for example a solar field and an air source 
heat pump, are strongly dependent on the climate conditions. On the other side, it is 
requested to perform less demanding test in order to reduce its costs. 
 In Chapter 3 some information of the first version of this procedure are introduced. This 
is based on a different approach with respect to the test method at component level. In 
Chapter 4 the laboratory test results of the first application on a hybrid system are 
discussed. The system in subject consists of a non-pre-fabricated hybrid system with an 
air source reversible compression heat pump, flat plate solar thermal collectors and two 
storage tanks. The system performance are assessed in covering the heating/cooling and 
DHW demand of a single family house located in Bolzano (Italy). 
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2 Commissioning of a hydraulic module for complex 
hybrid heating and cooling systems 
The aim of this chapter is to give a description of a component that can be integrated 
usefully in a complex HVAC system: the hydraulic module. This device has been designed 
and developed entirely by the Institute of Renewable Energy of EURAC Research within 
the iNSPiRE FP7 European Project. 
In particular it is reported the operating principle of some measurement components and 
the results of the laboratory tests for the verification of their operation and the thermal 
characterization of the overall device. The assessment of pressure losses and the analysis 
of the control strategy are not object of this work. 
2.1 Description of the pre-fabricated module 
As is described in the Chapter 1 the pre-fabrication of some crucial devices for a HVAC 
system could help in reducing costs and in limiting malfunctioning due to errors during 
the installation. The idea of the hydraulic module design leads in this direction. 
After the retrofit action of existing building or the construction of new building it is 
important to install heat meters in order to have a detailed assessment of the energy 
consumptions for each single family. This also raises the customers awareness about 
energy saving. The “Energy Hub” in subject consists of an innovative and compact 
hydraulic module that can be used as a heat meter and to manage the energy flows in 
HVAC systems. 
 
Fig. 14: Conceptual scheme of the hydraulics, electrical and internet interconnections of the 
“Energy Generation Kit”;  
Different kind of hydraulic stations, equipped with a local control, can be connected 
hydraulically between them or linked to other components, and also can be connected in 
a control network architecture (via Modbus) with a central controller (“Energy manager”). 
This concept is showed In Fig. 14.  
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Different solutions of hydronic station are available in the market nowadays, but  few of 
them can be connected in a control network in order to optimise the overall system 
performance. In summary, some advantages of the structure of “intelligent” distribution 
stations are: 
• the optimization of energy flows in innovative HVAC  systems with the integration of 
renewable energy source (e.g. solar assisted  air source heat pumps) for achieving the 
best energy efficiency target; 
• a control system for the regulation of temperatures and flows of the overall HVAC 
system (global building control strategy approach); 
• the direct measurement and visualization of the thermal and electrical energy 
consumptions for DHW, heating and cooling (data monitoring); 
• data logging, transfer and remote access via internet; 
• pre-package solutions with simple hydraulic connections to avoid mistakes during the 
installation of different components and to reduce installation cost; 
• compactness of the system for the installation in cavity made on walls in order to 
preserve useful space of room; 
• modularity of the system configurations in order to obtain different kind of sub-
stations that are necessary and easy to integrate in HVAC distribution systems. This 
aspect is very important especially for reducing the design and manufacturing costs 
through the series production of its components. 
              
Fig. 15: Picture and simplified scheme of the hydraulic module under test. 
The main components of the hydraulic module prototype, which is object of this study, 
whose hydraulic scheme is presented in Fig. 15 are: 
• two three-way ball (mixing or diverter) valves with their actuators (V1 and V2); 
• a non-return valve; 
• a flat plate heat exchanger (HE); 
• two variable speed pumps (P1 and P2); 
• two volumetric flow meters (F1 and F2); 
33 
   
 
• six  RTD PT1000 sensors for the measurement of the mean temperature of the pipe 
flowing fluid; 
• one  RTD PT1000 sensor for the measurement of the temperature of the air internal 
to the box; 
• an electric meter for the measurement electrical consumptions (E); 
• seven shut-off valves; 
• hydraulic connections through 1” copper tubes; 
• an electronic board including the control and data acquisition system(EB); 
• an aluminium box with insulated walls. 
                                 
Fig. 16: Hydraulic scheme of the EH solar station (a) and EH DHW station (b).    
As it was said previously, different configurations can be derived from the hydraulic 
module in subject through the elimination of some components. In Fig. 16 two examples 
are showed. The solar station (a) enables to transfer the thermal energy through a heat 
exchanger from the solar collectors (primary circuit) to a heating loop or a storage tank 
(secondary circuit) avoiding the contact between the two working fluids. This is very 
important because sometimes these two fluids are different (e.g. brine/water) and 
cannot be mixed. The thermal power rate can be measured and regulated by controlling 
the fluid flow in each circuit by the variable speed pumps. The EH DHW station showed 
in Fig. 16 (b) can be used for the instantaneous heating of water for DHW production. The 
primary circuit (C1-C2) can be connected to any heat source. The heat exchanger 
separates the two circuits and it is required in particular for hygienic reasons. The 
temperature of the water outlet (C5) can be regulated by controlling the valve V1 in order 
to avoid burns to the end user.  
In addition, other simplified version of hydronic stations, that are not presented in this 
work, can be adopted in order to connect different distribution systems or as pumping 
station. 
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2.2 Description of the test bench for assessing the energy 
performance of the hydraulic module 
In this part the configuration of the apparatus used to assess the performance of the 
hydraulic module and its components is briefly described. In particular the analysis is 
focused on the measure of volumetric flow rate, temperature and thermal power 
exchanged. The results are showed in the following paragraphs while the overall numeric 
values of the tests, the uncertainty analysis and the laboratory components and circuits 
description are presented in appendix B and in appendix C respectively.  
 
Fig. 17: Simplified scheme of the hydraulic connections between the laboratory equipment and 
the EH.  
The tests have been performed connecting the primary and the secondary circuits (ports 
C1-C2 and C5-C6) of the hydraulic module to two different circuits of the laboratory with 
insulated flexible pipes, in order to have a heat production circuit representing a heat 
source (like heat pumps, solar collectors, boilers, etc.) and a heat rejection circuit 
representing a heat sink (DHW user, storage tank, etc.). Thanks to this configuration, 
both measures of temperature and volumetric flow can be compared with the laboratory 
sensors on both circuits.  
In Fig. 17 the hydraulic connections and the sensors used are showed. The 
thermoregulator1 was used as a heat source. This device can provide hot water at a given 
temperature set point whereas on the other side the hybrid dry cooler was used to reject 
the thermal power in order to simulate DHW draw offs or a heating distribution system.      
In order to evaluate the overall performance of this device tests were carried out for a 
variety of hot/cold volumetric flows and temperatures.  
35 
   
 
2.3 Temperature measurements 
In this paragraph, firstly, a briefly description of PRTD (Platinum Resistance Temperature 
Detector) temperature sensors is presented. Secondly, some hypothesis and thermal 
considerations are discussed in order to relate the measurement of the external surface 
temperature of a non-insulated pipe to the average temperature of the flowing fluid 
inside it.    
 Surface temperature measurements  
In this application innovative RTD Pt1000 Class A-ribbon sensors of MINCO´s Company are 
used for the fluid temperature measurement. These sensor can be fixed e.g. on the 
external surface of a duct in a very good way, thanks to their length and pliancy. Because 
of the small diameter of pipes, they coverage almost entirely the pipe circumference. 
Consequently, the value of temperature measured can be considered as the average 
temperature of the external surface at a given section. 
                                   
Fig. 18: Thermal profile of an uninsulated pipe (a) and Thermal-Ribbon sensor installation (b).  
Resistance temperature detectors (RTDs) consist of sensing elements of a wire coil or 
deposited film of pure metal. They operate on the principle that the electrical resistance 
of a metal increases with temperature in a known and repeatable manner. RTDs exhibit 
excellent accuracy over a wide temperature range and represent the fastest growing 
segment among industrial temperature sensors. 
Generally, RTDs are stable but relatively bulky and fragile. Slower response times 
(especially for probe thermometers) and self-heating errors (since RTDs require a current 
supply that can heat the sensor itself) are other drawbacks. 
Thermal-Ribbon flexible RTD contain flat wire-wound elements laminated between layers 
of electrical insulation. This design improves thermal response in three ways [29]: 
• flexible sensors conform tightly to sensed surfaces, leaving no air gaps to block heat 
transfer; 
• thin electrical insulation reduces the thermal gradient between the sensing element 
and sensed surface. Response is rapid and self-heating is negligible; 
• the element winding senses over an area to reduce point measurement errors. 
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The traditional approach in temperature sensing of liquids flowing in pipes is to use probe-
style sensors and thermowells inserted into the fluid stream. These immersed sensors can 
be costly and difficult to install, especially when retrofitted to existing facilities.  
In addition, considering the scheme of Fig. 19 it is important to notice that a thermometer 
well can be treated as a thin rod immersed in a fluid which behaves like a fin as regards 
the heat transfer phenomenon in which it is involved. In particular if the temperature of 
the fluid is higher than the ambient temperature, the tube wall will have a lower 
temperature than the fluid. Because of this fact the heat will transfer by conduction from 
the probe to the duct wall. Thus, the sensible part of the thermometer (e.g. junction for 
a thermocouple) that is placed at the end of the well will not measure the true fluid 
temperature and it is affected by an error. This depends on the fluid velocity, thickness 
and conductivity of the well and can be limited choosing an appropriate length of well.     
 
Fig. 19: Simplified scheme of the thermometer well problem 
This case study shows how Thermal-Ribbon RTD’s make an economical alternative to 
thermowells, offering surface-mounted simplicity with no loss of accuracy. This happens 
in consequence of two main issues: the small contact resistance between the sensor 
surface and the pipe wall and the small temperature drop inside the copper pipe wall. 
 
Fig. 20: Temperature drop due to the thermal contact resistance in composite materials [30] 
The first condition is obtained through a surface treatment to decrease the pipe roughness 
and to limit the air into the gap thanks the glue with which these sensors are equipped. 
In addition, since it is well known that the contact resistance decreases by increasing the 
joint pressure, cable ties were used to fixed these sensor as well as possible.  
The second condition is verified thanks to the effects of the two heat transfer 
phenomenon that occur in this case (conduction in the pipe wall and convection on the 
external surface) and the materials properties. 
Consider steady state conditions, the surface energy balance at 𝑥𝑥 = 𝐿𝐿 of the wall with 
area 𝐴𝐴 and thermal conductivity 𝑘𝑘 of Fig. 21 is:   
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 𝑘𝑘 𝐴𝐴
𝐿𝐿
�𝑇𝑇𝑠𝑠,1 − 𝑇𝑇𝑠𝑠,2� = ℎ𝐴𝐴�𝑇𝑇𝑠𝑠,2 − 𝑇𝑇∞� [kWth] (2.1) 
And the ratio of the temperature drop between the two sides is represented by a 
dimensionless parameter, the Biot number: 
Biot number 𝐵𝐵𝐵𝐵 = �𝑇𝑇𝑠𝑠,1 − 𝑇𝑇𝑠𝑠,2�
�𝑇𝑇𝑠𝑠,2 − 𝑇𝑇∞� = (𝐿𝐿/𝑘𝑘𝐴𝐴)(1/ℎ𝐴𝐴) = 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ℎ𝐿𝐿𝑘𝑘  [-] (2.2) 
The physical significate of this parameter consists to relate the temperature drop in the 
solid wall to the difference temperature between the surface and the fluid. This  is 
represented also by the ratio between the conductive resistance into the wall and the 
external convective resistance.  
 
Fig. 21: Effect of Biot number on steady-state temperature distribution in a wall with convection 
heat transfer from the surface to a moving fluid [30].  
Considering the case study in subject making the assumption of convective heat transfer 
in free natural convection (ℎ = 10 𝑊𝑊𝑚𝑚2
𝐾𝐾
) between the copper pipe �𝐿𝐿 = 0,0015 𝑚𝑚, 𝑘𝑘 =401 𝑊𝑊
𝑚𝑚 𝐾𝐾  𝑎𝑎𝑎𝑎 300𝐾𝐾� and the external air, the Biot number results 𝐵𝐵𝐵𝐵 = 3,7 ∙ 10−5. This value 
corresponds to the case of Bi<<1 of Fig. 21. Hence, in this case the temperature drop 
inside the wall can be assumed negligible and the temperature distribution can be 
assumed uniform in the pipe thickness. 
 Fluid bulk temperature assessment from surface temperature 
measurement – theoretical approach 
In this section it is discussed an attempt to find a solution of the following problem: 
starting from the measurement of the pipe surface temperature and external air 
temperature, it is requested to assess the mean temperature (Bulk temperature) of the 
fluid flowing in a vertical copper pipe. In this case study the pipes inside the hydraulic 
module are uninsulated. The main reason of this fact is to reduce the material and 
manufacturing cost of the kit. However, in order to reduce the overall thermal losses of 
this device all the walls of the box are insulated. For the coldest circuit, an appropriate 
low operation temperature is required so that to avoid the formation of condensate on 
pipe surface due to the humidity of the air. 
For doing this a simplified model of the heat transfer problem in an unconfined space was 
implemented. It is schematised in Fig. 22 in which it is also showed in red the temperature 
profile of a liquid flowing inside a pipe in turbulent flow.  
In this problem all heat transfer modes are present: turbulent forced convection inside 
the pipe, conduction into the pipe wall, laminar free convection and radiation on the 
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external surface of the pipe. In reality, however, the pipes geometry inside the hydraulic 
module are more complicated, all tubes are included inside the confined space of the box 
and the presence of the heat exchanger cannot be neglected. 
 
Fig. 22: Scheme of the simplified heat transfer model. 
At this point it is important to report the definition of some physical variables that are 
fundamental when dealing with internal flows: 
The Mean velocity 𝑇𝑇𝑓𝑓,𝑚𝑚 is the velocity value that provides the mass flow rate when it is 
multiplied by the fluid density and the cross-sectional area of a duct:  
mass flow rate ?̇?𝑚 = 𝜌𝜌 𝑇𝑇𝑓𝑓,𝑚𝑚 𝐴𝐴𝑐𝑐 [kg/s] (2.3) 
Mean velocity  𝑇𝑇𝑓𝑓,𝑚𝑚 = ∫ 𝜌𝜌 𝑇𝑇𝑓𝑓(𝑟𝑟, 𝑥𝑥)  𝑑𝑑𝐴𝐴𝑐𝑐 𝐴𝐴𝑐𝑐 𝜌𝜌 𝐴𝐴𝑐𝑐  [m/s] (2.4) 
The Mean or Bulk temperature 𝑇𝑇𝑓𝑓,𝑚𝑚 is the temperature value that multiplied by the mass 
flow rate and the specific heat, provides the enthalpy integrated over the cross section 
which is transported by the fluid along the tube. For a fluid with constant properties this 
is: 
Enthalpy ?̇?𝑚𝑐𝑐𝑝𝑝𝑇𝑇𝑓𝑓,𝑚𝑚 = � 𝜌𝜌 𝑇𝑇𝑓𝑓𝑐𝑐𝑝𝑝𝑇𝑇𝑓𝑓  𝑑𝑑𝐴𝐴𝑐𝑐 𝐴𝐴𝑐𝑐  [kJ] (2.5) 
Bulk temperature  𝑇𝑇𝑓𝑓,𝑚𝑚 = ∫ 𝜌𝜌 𝑇𝑇𝑓𝑓𝑐𝑐𝑝𝑝𝑇𝑇𝑓𝑓  𝑑𝑑𝐴𝐴𝑐𝑐 𝐴𝐴𝑐𝑐 ?̇?𝑚𝑐𝑐𝑝𝑝  [°C] (2.6) 
Other assumptions need to be fixed due to theoretical and experimental observations. 
Generally in the conduction problems in cylindrical coordinates the scalar temperature 
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field is a function of four variables 𝑇𝑇 = 𝑇𝑇(𝑟𝑟,𝜑𝜑, 𝑧𝑧, 𝑎𝑎). The fundamental equations that 
govern the problem are: 
• the Fourier´s law of conduction : q�⃗ = −k� ∇T�����⃗  (2.7) 
that describes the well-known phenomenon according to which heat is always transferred 
in the direction of decreasing temperatures, and in particular that the heat flux vector is 
normal to an isotherm and it is proportional to the temperature gradient through the 
thermal conductivity of the material;  
• the heat diffusion equation:  ∇2𝑇𝑇 + ?̇?𝑞
𝑘𝑘
= 1
𝛼𝛼
𝜕𝜕𝑇𝑇
𝜕𝜕𝑎𝑎
 (2.8) 
that represents the overall energy balance in the medium at any point: the rate of energy 
transfer by conduction into a unit volume plus the volumetric thermal energy generation (?̇?𝑞) must be equal to the thermal energy stored within the volume. This is a partial 
differential equation that allows to determine the temperature distribution in a given 
region over time. 
In the last equations ∇ is the nabla operator, ∇2 is the Laplace operator and 𝛼𝛼 = 𝑘𝑘
𝜌𝜌 𝑐𝑐𝑝𝑝 [𝑚𝑚] 
is the thermal diffusivity of the material that measures its ability to conduct thermal 
energy with respect to its ability to store thermal energy. 
After having considered all these points it is possible to simplified the problem through 
some assumptions: 
• there is no volumetric thermal energy generation inside the pipe wall; 
• steady state conditions have been achieved (time dependence is neglected); 
• because of the axisymmetric geometry the temperature field is not dependent on the 
angular coordinate 𝜑𝜑; 
• the effects of the axial heat conduction in the pipe wall thickness are neglected. 
The last point has been verified assessing the dimensionless Ax0,0*ial conduction number 
introduced by Chiou (1980) for a circular tube. This number allows to compare axial heat 
transfer by conduction in the wall and convective heat transfer in the flow. Generally this 
number can become quite large in micro-channels as it is described in Maranzana et al. 
[31]    The effects in axial direction can be considered negligible when  M < 10−2 . During 
these tests the highest M reached was 1.25 ∙ 10-4.  
The definition of this parameter is: 
 Axial conduction number 
 M = 𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑧𝑧𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖 = 𝐷𝐷𝑒𝑒2 − 𝐷𝐷𝑖𝑖2𝐷𝐷𝑖𝑖𝐿𝐿  𝑘𝑘𝑤𝑤𝑘𝑘𝑓𝑓 1𝑅𝑅𝑅𝑅 ∙ 𝑃𝑃𝑟𝑟 [−] (2.9) 
where 𝐷𝐷𝑒𝑒, 𝐷𝐷𝑖𝑖 and 𝐿𝐿 are respectively the external diameter, internal diameter and length 
of the pipe, 𝑘𝑘𝑤𝑤 is the thermal conductivity of the wall material, 𝑘𝑘𝑓𝑓 is the thermal 
conductivity of the fluid, 𝑅𝑅𝑅𝑅 and 𝑃𝑃𝑟𝑟 are two dimensionless numbers about which the 
definition and physical significance is presented following. 
In addition the fluid dynamic inside and outside the pipe is treated in a simplified way, 
considering steady conditions and negligible viscous dissipation. The velocity field of each 
fluid can be obtained by solving the Navier–Stokes equations. Because of the fact that this 
level of detail is not the aim of this dissertation this latter point is not treated. 
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Accordingly to the previous assumptions the complex problem can be reduced to a one-
dimensional steady state heat transfer problem where the temperature depends only of 
the radial coordinate 𝑇𝑇 = 𝑇𝑇(𝑟𝑟). To solve this problem the electrical analogy was applied 
considering the Ohm´s law that deals with the relationship between voltage and current 
in an ideal conductor. The scheme of the equivalent electrical circuit is presented in Fig. 
23. 
 
Fig. 23: Equivalent electrical circuit. 
Through the definition of each thermal resistance it is possible to know the external 
surface temperature  𝑇𝑇𝑠𝑠,𝑒𝑒 (tension) once determined the thermal flux 𝑞𝑞 (current). As 
follows it is described the definition of each thermal resistance:  
• Internal convective resistance: R𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖 = 1ℎ𝑖𝑖 ∙ 𝜋𝜋𝐷𝐷𝑖𝑖𝐿𝐿 [𝐾𝐾𝑊𝑊] (2.10) 
where  ℎ𝑖𝑖  �
𝑊𝑊
𝑚𝑚2𝐾𝐾
� is the internal convective heat transfer coefficient that is obtained from 
the definition of the adimensional average Nusselt number:  
Nusselt number 
𝑁𝑁𝑇𝑇���� = ℎ𝚤𝚤�  𝐷𝐷ℎ
𝑘𝑘𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑐𝑐
 [−] (2.11) 
This number represents the dimensionless temperature gradient at the surface. In this 
case the Gnielinski correlation for transitional-fully developed forced convection was 
used: 
𝑁𝑁𝑇𝑇𝐷𝐷 = (𝑓𝑓/8)(𝑅𝑅𝑅𝑅𝐷𝐷 − 1000)𝑃𝑃𝑟𝑟1 + 12,7 �𝑓𝑓8�12 (𝑃𝑃𝑟𝑟23 − 1) 3000 < 𝑅𝑅𝑅𝑅𝐷𝐷 < 5 ∙ 106 0,5 < 𝑃𝑃𝑟𝑟 < 2000 
[−] (2.12) 
where 𝑓𝑓 is the friction function that can be obtained from the Moody diagram or through 
the following Petukhov expression: 
𝑓𝑓 = (0,790 ln𝑅𝑅𝑅𝑅𝐷𝐷 − 1,64)−2 3000 < 𝑅𝑅𝑅𝑅𝐷𝐷 < 5 ∙ 106 [−] (2.13) 
In addition in these expressions there are other two dimensionless numbers which 
definitions and physical significance are: 
Reynolds number  𝑅𝑅𝑅𝑅𝐷𝐷 =  𝜌𝜌 𝑇𝑇𝑓𝑓,𝑚𝑚 𝐷𝐷ℎ𝜇𝜇 =   𝑇𝑇𝑓𝑓,𝑚𝑚 𝐷𝐷ℎ𝜐𝜐 = 𝐵𝐵𝑖𝑖𝑅𝑅𝑟𝑟𝑎𝑎𝐵𝐵𝑎𝑎𝑇𝑇 𝑓𝑓𝑓𝑓𝑟𝑟𝑐𝑐𝑅𝑅𝑣𝑣𝐵𝐵𝑣𝑣𝑐𝑐𝑓𝑓𝑇𝑇𝑣𝑣  𝑓𝑓𝑓𝑓𝑟𝑟𝑐𝑐𝑅𝑅   [−] (2.14) 
Prandtl number 𝑃𝑃𝑟𝑟 =   𝑐𝑐𝑝𝑝 𝜇𝜇
𝑘𝑘𝑓𝑓
= 𝜐𝜐
𝛼𝛼
= 𝑚𝑚𝑓𝑓𝑚𝑚𝑅𝑅𝑖𝑖𝑎𝑎𝑇𝑇𝑚𝑚 𝑑𝑑𝐵𝐵𝑓𝑓𝑓𝑓𝑇𝑇𝑣𝑣𝐵𝐵𝑣𝑣𝐵𝐵𝑎𝑎𝑑𝑑
𝑎𝑎ℎ𝑅𝑅𝑟𝑟𝑚𝑚𝑎𝑎𝑇𝑇 𝑑𝑑𝐵𝐵𝑓𝑓𝑓𝑓𝑇𝑇𝑣𝑣𝐵𝐵𝑣𝑣𝐵𝐵𝑎𝑎𝑑𝑑  [−] (2.15) 
In general the critical Reynolds number value that corresponds to the start of the 
transition from laminar to turbulent flow in a duct is  𝑅𝑅𝑅𝑅𝐷𝐷, 𝑐𝑐 = 2300.  
The Prandtl number is defined only by the fluid properties and does not depend on fluid 
flow condition. 
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• Conductive resistance of the cylinder 
wall: R𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑇𝑇𝑖𝑖 �𝐷𝐷𝑒𝑒𝐷𝐷𝑖𝑖�2𝜋𝜋𝐿𝐿 𝑘𝑘  [𝐾𝐾𝑊𝑊] (2.16) 
It is important to remind that the temperature profile relative to radial conduction in a 
cylindrical wall is logarithmic: 
𝑇𝑇(𝑟𝑟) = 𝑇𝑇𝑠𝑠,𝑖𝑖 − 𝑇𝑇𝑠𝑠,𝑒𝑒
𝑇𝑇𝑖𝑖 �
𝑟𝑟𝑖𝑖
𝑟𝑟𝑒𝑒
�
 𝑇𝑇𝑖𝑖 �𝑟𝑟
𝑟𝑟𝑒𝑒
� + 𝑇𝑇𝑠𝑠,𝑒𝑒 [°𝐶𝐶] (2.17) 
• External radiation resistance: R𝑟𝑟𝑟𝑟𝑐𝑐 = 𝑇𝑇𝑠𝑠,𝑒𝑒 − 𝑇𝑇𝑠𝑠𝑓𝑓𝑟𝑟𝑟𝑟𝑞𝑞𝑟𝑟𝑟𝑟𝑐𝑐 = 1ℎ𝑟𝑟 ∙ 𝜋𝜋𝐷𝐷𝑒𝑒𝐿𝐿 [𝐾𝐾𝑊𝑊] (2.18) 
in which the equivalent radiation heat transfer coefficient ℎ𝑟𝑟 is obtained from a 
linearization of the fourth power of the temperature dipendence typical of the radiation 
heat transfer in order to model it similarly to the convective heat transfer.  
Note that to assess the radiative heat transfer the temperature must be expressed with 
the absolute temperature (Kelvin degrees). In this case the radiation exchanged between 
the external pipe surface and the surroundings is considered between a small surface and 
a large enclosure with the surface at the air temperature. Consequently the view factor 
from the external pipe surface to the surrounding is 𝐹𝐹𝑠𝑠,𝑒𝑒−𝑠𝑠𝑓𝑓𝑟𝑟𝑟𝑟 = 1 and also the view factor 
from the surrounding to the external pipe surface is  𝐹𝐹𝑠𝑠𝑓𝑓𝑟𝑟𝑟𝑟−𝑠𝑠,𝑒𝑒 = 1. 
equivalent radiation heat 
transfer coefficient: 
h𝑟𝑟 = ϵ σ (𝑇𝑇𝑠𝑠,𝑒𝑒 + 𝑇𝑇𝑠𝑠𝑓𝑓𝑟𝑟𝑟𝑟) (𝑇𝑇𝑠𝑠,𝑒𝑒2 + 𝑇𝑇𝑠𝑠𝑓𝑓𝑟𝑟𝑟𝑟2) [ 𝑊𝑊
𝑚𝑚2𝐾𝐾
] (2.19) 
specific radiative heat flux 𝑞𝑞𝑟𝑟𝑟𝑟𝑐𝑐
´ = 𝑞𝑞𝑟𝑟𝑟𝑟𝑐𝑐
𝐿𝐿
= ℎ𝑟𝑟𝜋𝜋𝐷𝐷𝑒𝑒 (𝑇𝑇𝑠𝑠,𝑒𝑒 − 𝑇𝑇𝑠𝑠𝑓𝑓𝑟𝑟𝑟𝑟) [𝑊𝑊
𝑚𝑚
] (2.20) 
In the last expression, σ = 5,670 ∙ 10−8  � 𝑊𝑊
𝑚𝑚2
∙ 𝐾𝐾4�  is the Stefan-Boltzmann constant, ϵ is 
the total, hemisferical emissivity of the copper external pipe surface considered lightly 
oxidized (ϵ = 0,575) [32]. In this case the cylinder was treated as a gray and diffuse body, 
so its emissivity (that is equal to its absorptivity) does not depend on the solid angle and 
to the wavelength. 
• External convection resistance: R𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑒𝑒 = 1ℎ𝑒𝑒 ∙ 𝜋𝜋𝐷𝐷𝑒𝑒𝐿𝐿 [𝐾𝐾𝑊𝑊] (2.21) 
where  ℎ𝑒𝑒  is the external convective heat transfer that can be obtained again from the 
definition of the adimensional Nusselt number.  
In this case natural convection occurs on the external surface of the pipe. The air motion 
is due to buoyancy forces within the fluid. These are the net effect between the density 
gradient on the air due to a temperature gradient �𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕
< 0 𝑔𝑔𝑅𝑅𝑖𝑖𝑅𝑅𝑟𝑟𝑎𝑎𝑇𝑇𝑇𝑇𝑑𝑑 𝑓𝑓𝑓𝑓𝑟𝑟 𝑔𝑔𝑎𝑎𝑣𝑣𝑅𝑅𝑣𝑣� and the 
gravitational body force. 
Transition from laminar to turbulent in natural convection boundary layer generally 
occurs for a critical value of the local Rayleigh number of  𝑅𝑅𝑎𝑎𝑥𝑥,𝑐𝑐 = 𝐺𝐺𝑟𝑟𝑥𝑥,𝑐𝑐  𝑃𝑃𝑟𝑟 ~109 for 
vertical plates. In the expression of the Rayleigh number, a different dimensionless 
number, that is used for problem concerning with free convection, is used. It is defined 
in analogy to the Reynolds number for forced convection and its expression and physical 
meaning is: 
Grashof number 
𝐺𝐺𝑟𝑟𝑥𝑥 = 𝑔𝑔 𝛽𝛽(𝑇𝑇𝑠𝑠,𝑒𝑒 − 𝑇𝑇∞)𝑥𝑥3 𝜐𝜐2 = 𝑇𝑇𝑇𝑇𝑓𝑓𝑑𝑑𝑎𝑎𝑖𝑖𝑐𝑐𝑑𝑑 𝑓𝑓𝑓𝑓𝑟𝑟𝑐𝑐𝑅𝑅𝑣𝑣𝑣𝑣𝐵𝐵𝑣𝑣𝑐𝑐𝑓𝑓𝑇𝑇𝑣𝑣 𝑓𝑓𝑓𝑓𝑟𝑟𝑐𝑐𝑅𝑅𝑣𝑣  [−] (2.22) 
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where 𝑔𝑔 = 9,81 𝑚𝑚
𝑠𝑠2
  is the gravity acceleration, 𝜐𝜐  is the kinematic viscosity and 𝛽𝛽 is the 
expansion coefficient of the fluid. For an ideal gas this latter can be assessed as: 
 
𝛽𝛽 = − 1
𝜌𝜌
�
𝜕𝜕𝜌𝜌
𝜕𝜕𝑇𝑇
�
𝑝𝑝
= 1
𝜌𝜌
𝑝𝑝
𝑅𝑅𝑇𝑇2
= 1
𝑇𝑇
 [1
𝐾𝐾
] (2.23) 
in which T is the absolute temperature (K). 
Considering in this application the measured value of the pipe temperature range (10 ÷90°𝐶𝐶) and of the air temperature range (20 ÷ 55°𝐶𝐶) the Rayleigh number evaluated does 
not exceed the value of 𝑅𝑅𝑎𝑎 < 3 ∙ 108  consequently it was assumed the case of laminar 
natural convection on the external pipe surface.  
In this application it is extremely important to evaluate accurately the convection heat 
transfer coefficient on the external side of the pipe. This because it is expected that it 
has the smallest value compared to the other heat transfer coefficients, consequently the 
associated thermal resistance will dominate the value of the overall heat transfer 
coefficient = 1
∑ 𝑅𝑅𝑖𝑖𝑖𝑖
 . Moreover, all air properties are evaluated at the 
film temperature 
𝑇𝑇𝑓𝑓𝑖𝑖𝑓𝑓𝑚𝑚 = (𝑇𝑇𝑠𝑠,𝑒𝑒 + 𝑇𝑇𝑟𝑟𝑖𝑖𝑟𝑟)2  [°𝐶𝐶] (2.24) 
As it is described in Popiel at al. [33] there is an influence of the curvature in the 
assessment of the heat transfer coefficient in laminar free convection for a slender 
cylinder. In particular for fluid having  𝑃𝑃𝑟𝑟 ≤ 0,71 the heat tranfer from an isotermal 
verical circular cylinder becomes higher then 5,5% compared to the vertical flat plate 
when results that 𝐺𝐺𝑟𝑟𝐻𝐻
0,25 𝐷𝐷
𝐻𝐻
≤ 35 for average heat transfer (𝐷𝐷 is the external cylinder 
diameter, while 𝐻𝐻 is the height). In the case in subject this factor assumes maximum the 
value of 8,5. 
So the expression of the Nusselt number described in [33] and its validity range is: 
𝑁𝑁𝑇𝑇𝑥𝑥 = 𝐴𝐴 𝑅𝑅𝑎𝑎𝑥𝑥𝑐𝑐  
with 
108 < 𝑅𝑅𝑎𝑎𝐻𝐻 < 11 ∙ 109 
𝐻𝐻
𝐷𝐷
< 60 [−] (2.25) 
𝐴𝐴 = 0,519 + 0,03454 �𝐻𝐻
𝐷𝐷
� + 0,0008772 �𝐻𝐻
𝐷𝐷
�
2 + 8,855 ∗ 10−6  �𝐻𝐻
𝐷𝐷
�
3
 
𝑖𝑖 = 0,25 − 0,00253 �𝐻𝐻
𝐷𝐷
� + 1,152 ∗ 10−5  �𝐻𝐻
𝐷𝐷
�
2
 
[−] (2.26) 
[−] (2.27) 
The local Nusselt number was evaluated at the position of the installed sensors x = 0,10 
m from the basis. Thus the local external convective heat transfer coefficient ℎ𝑒𝑒 and 
specific convective heat flux 𝑞𝑞?´?𝑒 are: 
 
ℎ𝑒𝑒 = 𝑘𝑘𝑟𝑟𝑖𝑖𝑟𝑟 𝑁𝑁𝑇𝑇𝑥𝑥x  [ 𝑊𝑊𝑚𝑚2𝐾𝐾] (2.28) 
 
𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑒𝑒´ = 𝑞𝑞𝑒𝑒𝐿𝐿 = ℎ𝑒𝑒 𝜋𝜋 𝐷𝐷𝑒𝑒 �𝑇𝑇𝑠𝑠,𝑒𝑒 − 𝑇𝑇𝑟𝑟𝑖𝑖𝑟𝑟� [𝑊𝑊𝑚𝑚] (2.29) 
As follows it is described the electrical analogy method used to solve this problem. Firstly, 
it was determined the overall heat flux for unit of length of the pipe from the measured 
values as: 
𝑞𝑞´ = 𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑒𝑒´ + 𝑞𝑞𝑟𝑟𝑟𝑟𝑐𝑐´   [W] (2.28) 
Secondly, the bulk temperature of the fluid is obtained from the following equation: 
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𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘 = 𝑇𝑇𝑠𝑠,𝑒𝑒 +  𝑞𝑞´𝐿𝐿 (R𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + R𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖) [°𝐶𝐶] (2.30) 
An additional assumption is that the water properties are evaluated at the pipe surface 
temperature. This is admissible because this value is very close to the bulk temperature 
of the fluid and because the water properties at these temperatures do not vary a lot 
around a small temperature range. 
Finally, the overall results of this heat exchange model are compared to measured values. 
These results are summarised in Table 2 where the surface temperature 𝑇𝑇𝑠𝑠,𝑒𝑒 was measured 
by the sensor T2, while 𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘,𝑚𝑚𝑒𝑒𝑟𝑟𝑠𝑠𝑓𝑓𝑟𝑟𝑒𝑒𝑐𝑐   is the water temperature measured by the 
thermowell sensor TLab2. These two sensors are located on the return branch of the 
primary circuit and are divided by the port C2. In addition the internal air temperature 
𝑇𝑇𝑟𝑟𝑖𝑖𝑟𝑟 was measured by an additional sensor.  
Table 2: Comparison between the estimated 𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘 from the simplified model and its measured 
values. 
Ts,e Tair  Grx  Rax  Nux,air hconv,e  hrad,e q´ conv,e q´ rad 
[°C] [°C]  [-] [-] [-] [W/m2K] [W/m2K]  [W/m]  [W/m] 
40.00 35.75 4.80E+05 3.39E+05 19.1 4.99 3.92 1.86 1.47 
46.25 38.56 9.05E+05 6.38E+05 21.9 5.88 4.10 3.98 2.77 
64.05 50.98 1.12E+06 7.86E+05 22.9 6.59 4.72 7.57 5.42 
74.43 55.14 1.50E+06 1.05E+06 24.4 7.10 5.04 12.04 8.54 
         
Qw Nuw hconv,i Rconv,i Rcond q´  Tbulk, 
calculated 
Tbulk, 
measured Error 
[m3/s] [-] [W/m2K] [K/W] [K/W]  [W/m] [°C] [°C] [°C] 
0.00023 119.4 3075 0.0106 0.00014 3.33 40.01 40.33 0.32 
0.00044 212.1 5527 0.0059 0.00014 6.75 46.27 46.68 0.41 
0.00023 134.1 3596 0.0090 0.00014 12.99 64.10 64.91 0.81 
0.00044 236.3 6421 0.0051 0.00014 20.59 74.48 75.62 1.14 
In the first rows of the previous table all the values are presented. These are useful to 
assess the external heat transfer coefficients according to the model described above. 
It is important to mark that the entity of the specific radiative heat flux is comparable to 
the specific convective heat flux. 
In the second part of this table there are the results of the assessment of the conductive 
thermal resistance and the internal convective thermal resistance that are used in the 
calculation of the bulk temperature of the fluid. The temperature errors from the results 
of this model are compared to the measured values. They remain quite large especially 
at high temperatures were exceed the value of 1°C. This because the entity of the 
correction of the measured surface temperature is too small.  
Thus, this model is not suitable to correct enough the real surface temperature 
measurement for obtaining the fluid bulk temperature. This is because what happens in 
reality inside the hydraulic module is more complex and it can be considered as a case of 
mixed convection heat transfer in a confined space: on one hand there is the natural 
convection heat transfer between the pipe surface and the air, on the other hand there 
is the effect of the thermal losses of the heat exchanger that move the air inducing a 
forced convection. Therefore, as a consequence of a higher external convection heat 
transfer, a large temperature drop occurs between the temperature inside the pipe and 
eternal pipe surface. To overcome this problem a different approach was used.  
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 Fluid bulk temperature assessment from surface temperature 
measurement – numerical approach 
After a literature review, an attempt to validate an algebraic simple formula from a 
similar case was done.  In J.M. Gorman et al. [34] numerical simulations  have been 
employed to quantify the possible difference between the measured pipe wall 
temperature and the mean temperature of the fluid flowing in a horizontal uninsulated 
pipe. The result of this analysis consists of a simplified expression that depends mainly 
on the fluid properties through the Prandtl number and the temperature of the air outside 
the pipe. On the other side according to this study the temperature correction does not 
depend on the pipe material and dimensions.   
In general different cases could appear. Different fluids with different properties could 
flow inside the pipe and the external air could have different velocities. The hydraulic 
module operates in one case of this. In particular the working fluid is water in forced 
convection inside the pipe and the external fluid is air in natural convection. 
Consequently, considering that single case, the coefficients 𝑎𝑎 and 𝑇𝑇 meant to be used in 
this formula were calculated as described in [34]. The result obtained is: 
𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘 = 𝑇𝑇𝑆𝑆 + (𝑇𝑇𝑆𝑆 − 𝑇𝑇𝐴𝐴𝑖𝑖𝑟𝑟) �1 − 𝜃𝜃𝑐𝑐𝑟𝑟𝑖𝑖𝑐𝑐𝜃𝜃𝑐𝑐𝑟𝑟𝑖𝑖𝑐𝑐 � 
 
 [°𝐶𝐶] (2.31) 
where:         𝜃𝜃𝑐𝑐𝑟𝑟𝑖𝑖𝑐𝑐 = 𝑎𝑎 𝑃𝑃𝑟𝑟𝑏𝑏                            𝑎𝑎 = 0,95       𝑇𝑇 = 0,0045327   [−] (2.32) 
This relationship was resulted enough accurate only for not very high values of the bulk 
temperature 𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘 < 65°𝐶𝐶  as it is showed in  
Table 3. In this table the same measured values of the pipe surface temperature (𝑇𝑇𝑠𝑠) and 
air temperature (𝑇𝑇𝑟𝑟𝑖𝑖𝑟𝑟) that were adopted previously for the simplified pipe model are 
reported. The bulk temperature calculated with this formula (𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘,𝑐𝑐𝑟𝑟𝑓𝑓𝑐𝑐𝑓𝑓𝑓𝑓𝑟𝑟𝑐𝑐𝑒𝑒𝑐𝑐) is compared 
with the measured value one of the themowell sensor TLab2 (𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘,𝑚𝑚𝑒𝑒𝑟𝑟𝑠𝑠𝑓𝑓𝑟𝑟𝑒𝑒𝑐𝑐).   
In addition there are presented the values of new variables which compare in this 
simplified equation such as the Prandtl number and 𝜃𝜃𝑐𝑐𝑟𝑟𝑖𝑖𝑐𝑐. According to the values of the 
ratio 1−𝜃𝜃𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐
𝜃𝜃𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐
 in these cases the temperature drop between the bulk temperature and the 
pipe external surface temperature (𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘 − 𝑇𝑇𝑆𝑆) is about 4,7% ÷ 4,9% of the temperature 
drop between the pipe external surface temperature and the air temperature (𝑇𝑇𝑆𝑆 − 𝑇𝑇𝐴𝐴𝑖𝑖𝑟𝑟). 
Table 3: Results of the bulk temperature assessment through the simplified formula presented  in 
J.M. Gorman et al. [34].  
Ts Tair  Pr ϑcrit 1-ϑcrit/ϑcrit Tbulk, 
calculated 
Tbulk, 
measured Error 
[°C] [°C]  [-] [-] [-] [°C] [°C] [°C] 
40.00 35.75 3.397 0.955 0.047 40.20 40.33 0.13 
46.25 38.56 3.257 0.955 0.047 46.61 46.68 0.07 
64.05 50.98 2.379 0.954 0.048 64.83 64.91 0.08 
74.43 55.14 2.202 0.953 0.049 75.38 75.62 0.24 
In order to extend the validity of the temperature correction in a wider range, an 
appropriate correction function was obtained from the measured data through the Least 
Square Fitting method. The expression obtained is:  
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𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘 = 𝑇𝑇𝑠𝑠 + 𝐴𝐴 𝑅𝑅�𝜕𝜕𝑆𝑆−𝜕𝜕𝑎𝑎𝑖𝑖𝑐𝑐𝐵𝐵 � + 𝐶𝐶  [°𝐶𝐶] (2.33) 
where:         𝐴𝐴 = 1,125      𝐵𝐵 = 25,59     𝐶𝐶 = −1,125    
It is important to clarify that this equation is only valid for the application of the case 
study and within the range of volumetric flows between 300÷1400 [l/h] and water mean 
temperatures between 0÷90 °C. 
 
Fig. 24: Graph of the adopted correction function that was obtained by fitting the measured values. 
The trend of the adopted curve is plotted in Fig. 24. In this graph it is plotted on the y-
axis the measured temperature difference (𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘 − 𝑇𝑇𝑆𝑆) between the bulk temperature, 
measured by different laboratory thermowell sensors, and the pipe surface temperature 
measured by different sensors of the hydraulic module. In the y-axis the measured 
temperature difference (𝑇𝑇𝑆𝑆 − 𝑇𝑇𝑟𝑟𝑖𝑖𝑟𝑟) between the pipe surface temperature and the 
temperature of the air inside the hydraulic module are reported.  
As it is showed in Table 4 this correction function fits the measured data with a good 
accuracy in a wide range of temperature differences. The root mean square error (RMSE) 
results less than 0,06°C. For the sake of not having a temperature correction at the 
thermal equilibrium, when the water inside the pipe is at the same temperature of the 
air, the coefficient C was assumed equal in modulus to the coefficient A with no loss of 
accuracy. The numerical results obtained with this correction function together with the 
assessment of the uncertainty in the bulk temperature calculation are presented in the 
following paragraph. 
Table 4: Result of the bulk temperature assessment with the derived temperature correction 
function. 
Ts Tair Tbulk, calculated Tbulk, measured Error 
[°C] [°C] [°C] [°C] [°C] 
40.00 35.75 40.20 40.33 0.13 
46.25 38.56 46.64 46.68 0.04 
64.05 50.98 64.80 64.91 0.11 
74.43 55.14 75.70 75.62 0.08 
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For comparing the level of accuracy obtained with the adopted surface temperature 
correction function in respect to the previous assumptions, in Table 4 the same results 
used previously are reported. It is possible to observe that the error committed in the 
bulk temperature calculation compared to the bulk temperature obtained by the 
laboratory thermowell sensors is less than 0.13 °C also at high temperatures. 
 Estimation of the uncertainty for the fluid bulk temperature 
assessment based on surface temperature measurements 
Finally the results of the temperature correction using the Eq. 2.33 and the respectively 
uncertainty estimation are shown.  In Fig. 25and Fig. 26 are shown the comparison of the 
temperature measurements during a test between the laboratory thermowell sensors and 
the surface sensor of the hydraulic module before and after the surface temperature 
correction. The test was performed in stationary conditions in which a certain quantity 
of thermal power was transferred from the primary to the secondary circuit according to 
the scheme of Fig. 17.  The sensors T1 and T2 measure the pipe surface temperature of 
the hydraulic module in the primary circuit and are compared with the respectively 
laboratory sensors TLab 1 and TLab 2. On the secondary circuit, the surface sensors T5 
and T6 are compared with the respectively laboratory sensors TLab 5 and TLab 6. The 
magenta signal is referred to the sensor Tair that measures the air temperature inside 
the hydraulic model. 
In Fig. 25 it is possible to note how the surface temperature measurements are influenced 
by the temperature of the air. In particular the is the temperature drop between the 
flowing fluid and the air, the higher is the difference between the pipe surface 
temperature and the mean temperature of the flowing fluid. 
 
Fig. 25: Comparison of the temperature measurements between the laboratory thermowell sensors 
and the hydraulic module surface sensors before the surface temperature correction. 
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The results of the correction of this temperature drop using the adopted temperature 
correction function (Eq. 2.33) are shown in Fig. 26. As it can be seen, the resulted bulk 
temperatures calculated from the pipe surface temperatures and the air temperature are 
almost equal to the bulk temperature measured by the laboratory thermowell sensors on 
each circuit. 
 
Fig. 26: Comparison of the temperature measurements between the laboratory thermowell sensors 
and the hydraulic module surface sensors after the temperature correction. 
The Table 5 summarises the overall results of the temperature measurements in a period 
of one minute during the stationary test presented above. In the column 𝑇𝑇𝑠𝑠 there are the 
average values of the surface temperatures measured by the hydraulic module sensors 
and their difference with respect to the bulk temperatures measured by the laboratory 
sensors. In the column 𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘 there are reported the corrected pipe surface temperatures 
according to the correction function (Eq. 2.33) and again their difference compared to 
the bulk temperatures measured by the laboratory sensors. In the column 𝑁𝑁𝑚𝑚𝑒𝑒𝑟𝑟𝑠𝑠°  there are 
the number of samples considered while in the column 𝑆𝑆𝐷𝐷 the standard deviation of this 
measurements.  
Table 5: Numerical results and related uncertainty of the temperature measurements by hydraulic 
module and laboratory sensors.  
Temperatures 
T sensor Class Ts  Tbulk  Nmeas SD  ua(Ts)  ub(Ts)  u (Ts)  u (Tbulk)  ε (Tbulk)  
    [°C] [°C] # [°C] [°C] [°C] [°C] [°C] [%] 
T1 A 42.77 43.92 71 0.028 3.31E-03 0.24 0.24 0.26 0.59% 
TLab1 A 44.13 44.13 30 0.012 2.26E-03 0.21   0.21 0.48% 
Diff [°C]   1.36 0.21               
T2 A 28.46 28.64 71 0.025 2.95E-03 0.21 0.21 0.23 0.82% 
TLab2 A 28.83 28.83 30 0.017 3.16E-03 0.19   0.19 0.66% 
Diff [°C]   0.36 0.19               
T5 A 38.64 39.45 71 0.032 3.82E-03 0.23 0.23 0.27 0.69% 
TLab3 A 39.65 39.65 30 0.016 3.01E-03 0.18   0.18 0.45% 
Diff [°C]   1.01 0.20               
T6 A 16.88 16.58 71 0.033 3.95E-03 0.18 0.18 0.20 1.20% 
TLab4 A 16.55 16.55 31 0.013 2.33E-03 0.19   0.19 1.15% 
Diff [°C]   0.33 0.04               
Tair_box A 24.76   71 0.03 3.43E-03 0.20 0.20   0.81% 
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In addition, the two part 𝑇𝑇𝑟𝑟(𝑇𝑇) and 𝑇𝑇𝑏𝑏(𝑇𝑇) that compose the overall absolute uncertainty 
𝑇𝑇 (𝑇𝑇) of each sensor are calculated as it is described in Appendix B. The uncertainty  
𝑇𝑇 (𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘) of the bulk temperature measured by the hydraulic module sensors is assessed 
according to the rules of the uncertainty propagation in an indirect measurement of a 
quantity. 
The results show that the adopted temperature correction allows to assess the bulk 
temperature of the fluid flowing inside the pipe in a rather accurate way. In fact, as it 
can be seen, the differences between the bulk temperatures measured by the laboratory 
thermowell sensors and the assessed ones from the pipe surface sensors are included 
between the range of the related uncertainties 𝑇𝑇 (𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘). 
 Dynamic performance of the surface temperature measurements 
Finally a positive feature of the thermal-ribbon RTDs is presented. This concerns the 
dynamic response of this sensors that is fundamental for the consumptions assessment of 
HVAC systems and DHW production especially when short term fluid draw off occurs.   
When it deals with transient time heat transfer problem, it is noteworthy to define an 
additional and fundamental dimensionless number. This is the Fourier number that is 
defined as: 
Fourier 
number 
𝐹𝐹𝑓𝑓 = 𝛼𝛼 𝜏𝜏 
𝐿𝐿2
= 𝑘𝑘 𝐿𝐿
𝜌𝜌 𝑐𝑐𝑝𝑝𝐿𝐿3
𝜏𝜏
= 𝑑𝑑𝐵𝐵𝑓𝑓𝑓𝑓𝑇𝑇𝑣𝑣𝐵𝐵𝑣𝑣𝑅𝑅 ℎ𝑅𝑅𝑎𝑎𝑎𝑎 𝑐𝑐𝑓𝑓𝑖𝑖𝑑𝑑𝑇𝑇𝑐𝑐𝑎𝑎𝐵𝐵𝑓𝑓𝑖𝑖 𝑟𝑟𝑎𝑎𝑎𝑎𝑅𝑅
ℎ𝑅𝑅𝑎𝑎𝑎𝑎 𝑣𝑣𝑎𝑎𝑓𝑓𝑟𝑟𝑎𝑎𝑔𝑔𝑅𝑅 𝑟𝑟𝑎𝑎𝑎𝑎𝑅𝑅  [−] (2.34) 
where 𝛼𝛼 is the thermal diffusivity of the material, 𝜏𝜏 is a characteristic time and 𝐿𝐿 is a 
characteristic length. This number represents the dimensionless time in transient heat 
conduction problems and its physical significate consists in the ratio between the rate of 
the heat conduction across the length 𝐿𝐿 and the rate of the heat stored in the volume 𝐿𝐿3.  
In order to characterise the dynamic response of the thermal ribbon sensors of the 
hydraulic module and to compare this with the thermowell laboratory sensor this 
characteristic time or thermal time constant was used. It describes the analogous 
behaviour of the voltage growth/decay in charging/discharging an electrical RC circuit. 
In general the thermal time constant is defined as: 
𝜏𝜏𝑐𝑐ℎ = � 1ℎ 𝐴𝐴𝑠𝑠� (𝜌𝜌𝜌𝜌𝑐𝑐) = 𝑅𝑅𝑐𝑐𝐶𝐶𝑐𝑐 [𝑣𝑣] (2.35) 
where 𝑅𝑅𝑐𝑐  is the convective heat transfer resistance while 𝐶𝐶𝑐𝑐 is the lumped thermal 
capacitance. These are expressed in terms of the convective heat transfer coefficient ℎ, 
the material density 𝜌𝜌  and specific heat 𝑐𝑐,the body external area 𝐴𝐴𝑠𝑠 and the volume 𝜌𝜌. 
The difference of the two sensor consists mainly in their thermal capacitance, that results 
much larger for the thermowell sensor due to the steel mass of the well that protects it.  
In order to assess the time-response of one of this sensor and to make a comparison with 
the time-response of the laboratory thermowell sensor a test was performed. This consists 
in creating almost a step temperature input of 40 °C by maintaining at a certain 
temperature level the heat exchanger with the primary circuit while on the secondary 
circuit a water draw off was created by turning on the pump P1 of the hydraulic module.  
The output time response of the pipe surface temperature sensor T5 was measured and 
compared with the laboratory thermowell sensor TLab5. The trend of these signals are 
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plotted in Fig. 27. The thermal time constant was evaluated measuring for each sensor 
the time interval required to reach the 63,2% of the difference between the initial and 
final  temperature value. 
 
Fig. 27: Comparison of the transient temperature response of a thermal-ribbon RTD PT1000 vs a 
laboratory thermowell RTD Pt100. 
 
Firstly, in the figure above, it is shown a small delay between the two signals due to the 
transport time of the temperature front in the insulated duct that connects the hydraulic 
module to the laboratory. Secondly, it is possible to compare the difference in the 
thermal time constant 𝜏𝜏 of the two sensor: the result is that the thermal time constant 
of the thermal-ribbon RTD 𝜏𝜏1is almost three times smaller than the thermowell sensor 
one 𝜏𝜏2.  
This peculiarity of the thermal-ribbon sensor is fundamental for the correct evaluation of 
the thermal power exchanged especially for example in a DHW station. This latter in fact, 
has to operate continuously under transient conditions due to short and repeated water 
withdrawals.    
Generally, after a time equal to three time constants the temperature signal reaches a 
value that is 95% of the stationary value, and after five time constants the signal is 99.3% 
of the stationary value. So in the case of the laboratory thermowell sensor a large error 
in the evaluation of the thermal power exchanged is always committed for water 
withdrawals lower than about 5 min (~3 𝜏𝜏2), while for the thermal-ribbon sensor this one 
is committed for withdrawals lower than 2 min (~3 𝜏𝜏1).      
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2.4 Volume flow rate measurements 
There are installed two volumetric Vortex flowmeters of the same model on the two 
opposite circuits of the hydraulic module. This is the media type 210-DN-25-K of the Huba 
Control company. A picture of this sensors and its section is showed in Fig. 28, in which is 
indicated the presence of a bluff body and of a piezoelectric sensor, which are the key 
components that allow to measure the volumetric flow rate with this sensor. Other 
technical details of this flow meter are summarised in Table 6. 
      
Fig. 28: Vortex flow meter sensor and minimum dimensions for installation. 
Table 6: Flowmeter features. 
 The operating principle 
Vortex flowmeters work according to the vortex shedding phenomenon. This occurs when 
a fluid flows over a bluff body (an unstreamlined body such as a circular cylinder). 
Conversely from a streamlined body such as an aerofoil, in this case the boundary layers 
cannot follow the contours of the body and could become detached much further 
upstream with a large resulting wake. This phenomenon is named “Von Karman vortex 
street” from the Hungarian physics Theodor von Karman (1881-1963). So it consists of a 
repeating pattern of swirling vortices caused by the unsteady separation of flow of a fluid 
around a bluff bodies. 
In Fig. 29 it is showed how the vortex production and shedding alternatively occur from 
the top and bottom surfaces of a cylinder. This generates an oscillating flow. It is 
important to note that the upper vortex is formed by separated layers along the top 
surface that rolls up into a clockwise circulation while the bottom vortex rolls up into a 
counter-clockwise circulation. The formed rows of vortices are transported downstream 
by advection and the vorticity (the curl of the local velocity of the fluid   𝜔𝜔�⃗ = ∇ × 𝑇𝑇�⃗   ) 
region diffuses in the general flow field because of the presence of viscosity [35].  
Manifacturer Huba Control 
Model media type 210-DN-25-K 
Measuring principle  Vortex 
Sensor type pietzoelectric sensor 
Flow measuring range  9 ÷ 150 l/min = 540 l/h ÷ 9000 l/h 
Flow rate 0,33 - 5,5 m/s 
Accuracy at < 50% fs = 4500 l/h < 1% fs = 90 l/h 
Accuracy at > 50% fs = 4500 l/h < 2% measuring value 
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Fig. 29: Flow pattern generated around a circular cylinder for different values of Reynolds   number 
[36]. 
The  frequency of vortex shedding is given by a simple formula: 
𝑓𝑓 = 𝑆𝑆𝑎𝑎 𝑇𝑇
𝑑𝑑
 [𝐻𝐻𝑧𝑧] (2.36) 
where 𝑆𝑆𝑎𝑎 is the Strouhal number that represents the frequency dimensionless frequency 
as the ratio between oscillation and  the mean speed. The value of the 𝑆𝑆𝑎𝑎 is 
experimentally determined and it is generally found to be constant over a wide range of 
high Reynolds numbers. This becomes more clear by observing e.g. the classical relation 
for unconfined flows that links 𝑆𝑆𝑎𝑎 and 𝑅𝑅𝑅𝑅: 
 
 
Fig. 30: Strouhal number versus Reynolds number for two different kind of bluff bodies [38].  
In each flow meter a bluff body is located inside the pipe. This is a kind of obstruction 
that disturbing the flow. Downstream from the bluff body there is a piezoelectric sensor 
which can register the tine-pressure differences in the flowing fluid. If the fluid is not 
flowing there is not vortexes generation. As soon as the fluid starts to move and reaches 
a certain flow rate, vortices gradually appear downstream of the bluff body. These are 
alternatively detached at inner side of the bluff body and are carrying away by the flowing 
fluid.  
Therefore, 𝑓𝑓 is directly proportional to the mean free stream velocity 𝑇𝑇, thus providing 
the basis for the volumetric flow measure. However, for a vortex flowmeter the described 
phenomenon occurs in a confined flow as well as it exists in a pipe. The parameter that 
characterizes the measurement system and represents the relationship between the 
volume flow rate and the frequency of vortex shedding is called meter factor 𝐾𝐾: 
𝐾𝐾 = 𝑓𝑓
𝑄𝑄
 
[𝑚𝑚−3] (2.38) 
𝑆𝑆𝑎𝑎 = 𝐴𝐴 − 𝐵𝐵
𝑅𝑅𝑅𝑅
 [−] (2.37) 
e.g. for  circular cylinder  (Roshko [37]) 
these constants are: 
𝐴𝐴 = 0,212 and  𝐵𝐵 = 4,5    
for 50<Re<150,  
𝐴𝐴 = 0,212 and  𝐵𝐵 = 2,7   
for 300<Re<2000    
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The 𝐾𝐾-factor is determined by the manufacturer and for a given flowmeter in a given pipe 
and it is practically independent of flow rate, density and viscosity so it is valid for any 
kind of fluid. 
The pressure oscillation around the bluff body manages the frequency of the passing 
vortices and is precisely detected by the piezoelectric or capacitance-type sensors which 
respond with a low voltage output signal that has the same frequency as the oscillation. 
The frequency at which these vortices alternate sides is essentially proportional to the 
flow rate of the fluid. The distance between two consecutive vortices corresponds to a 
define volume of fluid. Therefore, one can determine flow rate by counting the pulses 
per unit time (vortices that pass). 
In addition when the flow in the pipe is turbulent (𝑅𝑅𝑅𝑅 > 104) there are background 
random variations in fluid velocity and pressure with time at any point in the pipe.  This 
affects the vortex shedding mechanism, causing random variations in both the amplitude 
and frequency of the signal about a mean value.  
 
Fig. 31: Typical vortex flowmeter signals: (a) f=200 Hz, (b) f=400 Hz and (c) is the case of random 
turbulence without bluff body [38]. 
The higher flow velocity, the higher measured frequency of vortexes. If the velocity is 
too low for creating perceptible vortices, however the velocity can be simply increased 
by installing a vortex meter that has a reduce cross section.  
Finally, vortex flowmeters have no moving parts and are more reliable compared to a 
turbine meter. The bluff body provides an obstruction to the flow causing a permanent 
concentrate pressure loss. In addition this obstruction limits the use of vortex meters only 
with clean liquids and gases. 
 Estimation of the uncertainty for the volumetric flow 
measurements 
The aim of this paragraph is to show the results of the volumetric flow measurement 
performed by the hydraulic module vortex flow meters and its comparison with the 
volumetric flow measurement of the laboratory electromagnetic flow meters. Considering 
a stationary test showed in Fig. 32. This was performed by setting the laboratory pumps 
power in order to have a volumetric flow of about 1200 l/h in the primary circuit and 
about 700 l/h in the secondary circuit. 
In the primary circuit the measurements of the hydraulic module flow meter F2 are 
compared with the laboratory flow meter FMLab2 while in the secondary circuit the 
measurements of hydraulic module flow meter F1 are compared with the laboratory flow 
meter FMLab1. In Fig. 32 it is possible to note the typical oscillating measurement of the 
volumetric flow of a vortex flow meter as it was described in the previous paragraph. The 
amplitude of this oscillation is approximatively of 80 l/h. On the other hand the 
53 
   
 
measurement of the electromagnetic flow meter of the laboratory results much more 
stable. 
 
Fig. 32: Comparison of the volumetric flow meter measurements between the laboratory sensors 
and the hydraulic module sensors during a test. 
In Table 7 are summarised the results of the measurements from a period of one minute 
of the test showed in Fig. 32. In the column 𝑄𝑄𝑚𝑚 there are the average values of the 
volumetric flow measured by the measurements of the hydraulic module sensors the 
laboratory sensors and their difference. In the column 𝑁𝑁𝑚𝑚𝑒𝑒𝑟𝑟𝑠𝑠°  there are reported the 
number of samples considered while in the column 𝑆𝑆𝐷𝐷 the standard deviation of this 
measurements. In addition there are the two part 𝑇𝑇𝑟𝑟(𝑄𝑄) and 𝑇𝑇𝑏𝑏(𝑄𝑄) that compose the 
overall absolute uncertainty 𝑇𝑇 (𝑄𝑄) and the relatively uncertainty 𝜀𝜀 (𝑄𝑄). The expressions 
to calculate these quantities are presented in Appendix B.  
Table 7: Results of the volumetric flow measurements and related uncertainties with the installed 
flow meter. 
Volumetric flows 
FM Qm  N°meas SD  ua(Q)  ub(Q)  u (Q)  ε (Q)  
  [l/h]   [l/h] [l/h] [l/h] [l/h] [%] 
F2 1212 71 15.29 1.81 90.00 90.02 7.4% 
 FMLab2 1191 30 3.93 0.72 2.98 3.06 0.26% 
Diff [L/h] 21.5             
F1 723 71 26.62 3.16 90.00 90.06 12% 
 FMLab1 716 30 2.76 0.50 1.79 1.86 0.26% 
Diff [L/h] 7.2             
 
In conclusion from the results of Table 7 it is possible to affirm that the performances of 
the vortex flow meter are acceptable. The difference in the measurements in respect to 
the laboratory sensors are included widely between the uncertainties of the vortex flow 
meters. This uncertainty is much larger than the uncertainty of the laboratory sensors 
because of two reasons: 
• the effect of the greater standard deviation that affects the calculation of the type a 
uncertainty 𝑇𝑇𝑟𝑟(𝑄𝑄); 
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• the value of the type b uncertainty 𝑇𝑇𝑏𝑏(𝑄𝑄) declared by the manufacturer. For the 
laboratory flow meter this value is very low (0,25% of the measurement), while for 
the hydraulic module sensor this value is very high at low flow rates (1% of the full 
scale-90 l/h). 
This fact suggests to install vortex flow meters with a smallest diameter and with a 
smaller full scale with respect to this model at the expense of a higher pressure drops. In 
fact at equal volumetric flow rate, a smallest diameter involves highest fluid velocities 
and consequently higher values of Reynolds numbers. This allows to extend the 
measurement to lower values of the volumetric flow rate staying over the threshold of 
the “critical” Reynolds number under which the rule that governs the physical principle 
of this device is not more valid (Eq. 2.37).  
Table 8: Results of the volumetric flow measurements and related uncertainties with the new flow 
meter. 
Volumetric flows 
FM Qm  N°meas SD  ua(Q)  ub(Q)  u (Q)  ε (Q)  
  [l/h]   [l/h] [l/h] [l/h] [l/h] [%] 
F2 1212 71 15.29 1.81 51.00 51.03 4.2% 
 FMLab2 1191 30 3.93 0.72 2.98 3.06 0.26% 
Diff [L/h] 21.5             
F1 723 71 26.62 3.16 51.00 51.10 7% 
 FMLab1 716 30 2.76 0.50 1.79 1.86 0.26% 
Diff [L/h] 7.2             
In order to compare the previous results with the uncertainty assessed installing the new 
vortex flow meter (model 210-DN-20-K of Huba control), in Table 8 it is reported the same 
measurements used previously in which the Type b uncertainty is referred to the new 
flow meter. In this case because its full scale is lower respect the previous model (5100 
l/h), the declared uncertainty of the manufacturer results about 51 l/h. It easy to see 
that the overall uncertainty has been reduced almost half with respect to the previous 
case. 
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2.5 Assessment of the thermal power  
In the first part of this paragraph the performances of the heat exchanger (HE) installed 
inside the hydraulic module are assessed through the Effectiveness-NTU Method. While in 
the second part it is discussed the evaluation of the thermal power exchanged and a 
thermal efficiency of the hydraulic module is defined. The evaluation of the pressure 
drops and exergy analysis are not the object of this work. 
 Heat exchangers performance rating 
The HE installed is a brazed plate-type heat exchanger (BPHE) and produced by SWEP 
company. BPHE is one of the most efficient ways to transfer heat from one medium to 
another. It consists of a pack of gasketed corrugated metal plates, pressed together in a 
frame combined to create a series of parallel flow channels, where the fluids flow 
alternately and exchange heat through the thin metal plates. The flow distribution can 
be parallel, series or any of their various possible combinations. For being compact, easy 
to clean, efficient and very flexible, it is widely employed in the chemical, food and 
pharmaceutical process industries. 
 
For the performance rating of the HE is it important to know the geometrical and 
technical data available from the manufacturer´s data sheet. The flow type of this model 
is two pass Counter-Current, there are 37 plates in steel AISI 316 and the working fluid is 
water on both sides.   
 
Table 9: Geometry and material property of the plate heat exchanger 
Geometry Plate thermal resistance 
N plates 37 b [m] 0.00224 ksteel [W/m K] 16.2 
N passages 2 w [m] 0.073 εp [m] 0.002 
N channels 9 L [m] 0.315 Rcond [m2K /W] 0.000123 
Flow 
configuration  
Counter 
current Dh [m] 0.00434   
Distribution series Ach [m2] 0.000164   
  Aplate [m2] 0.0229   
  Atot [m2] 0.805   
Fig. 33: Picture and hydraulic scheme of the heat exchanger installed inside the hydraulic 
module. 
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Fig. 34: Temperatures distribution in a counter-current HE (a), example of flow distribution in a 
PHE and plate main dimension (b). 
The thermal rating problem of the HE performance can be expressed in this form: given 
the flow rates of the fluids, the inlet temperatures and the HE geometry, estimate the 
thermal power exchanged and the exit temperatures of the fluids. 
The method used is the Effectiveness-NTU and the assumption made are: 
• negligible kinetic and potential energy changes; 
• negligible heat losses; 
• constant properties of the fluid throughout the HE; 
• identical gap-to-gap heat transfer coefficients (U invariable throughout the HE); 
• negligible fouling resistances; 
 
Fig. 35: Schematization of the temperature profile across a general plate that divides two 
channels. 
The steps adopted in the procedure of the overall heat transfer coefficient for a channel 
𝑈𝑈𝑖𝑖 are: 
1. for the hot and cold side, calculation from the geometry of the total heat transfer 
area and the hydraulic diameter of a channel: 
𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐴𝐴𝑝𝑝𝑓𝑓𝑟𝑟𝑐𝑐𝑒𝑒 ∙ (𝑁𝑁𝑝𝑝𝑓𝑓𝑟𝑟𝑐𝑐𝑒𝑒 − 2) [𝑚𝑚2] 𝐷𝐷ℎ,𝑐𝑐ℎ = 4 𝐴𝐴𝑐𝑐𝑟𝑟𝑐𝑐𝑠𝑠𝑠𝑠𝑃𝑃  [𝑚𝑚] (2.39) 
2. fixed plausible exit temperatures and known the inlet temperatures, the water 
properties and Prandtl number are evaluated at the average temperature;  
3. the velocity of the fluid and the Reynolds number referred to the hydraulic diameter  
for each side is calculated from the flow rate; 
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4. the Nusselt number is evaluated from the correlation presented in Khan et al. [39] for 
𝛽𝛽 = 60°/60° as plates chevron inclination angle:  
𝑁𝑁𝑇𝑇 = 0,1449 𝑅𝑅𝑅𝑅0,8414𝑃𝑃𝑟𝑟0,35 � 𝜇𝜇
𝜇𝜇𝑤𝑤
�
0,14
 
500 < Re < 2500 3.5 < Pr < 6 (2.40) 
5. the average convective heat transfer coefficient ℎ� and the convective thermal 
resistance are evaluated for each side from the Nusselt number; 
6. the conduction thermal resistance of the plate was calculated by knowing the plate 
thickness and conductivity; 
7. the overall heat transfer coefficient 𝑈𝑈 is calculated from the sum of the thermal 
resistances arranged in series: 
𝑈𝑈 = 1
𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐
= 1
𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,ℎ + 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐 = 11
ℎ�ℎ𝑐𝑐𝑐𝑐
+ 𝜀𝜀𝑝𝑝𝑘𝑘𝑝𝑝𝑓𝑓𝑟𝑟𝑐𝑐𝑒𝑒 + 1ℎ�𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐     � W𝑚𝑚2K� (2.41) 
8. the  minimum and maximum  thermal capacity  rates is calculated and their ratio R: 
𝐶𝐶ℎ𝑐𝑐𝑐𝑐 = ?̇?𝑚ℎ𝑐𝑐𝑝𝑝,ℎ [𝑊𝑊𝐾𝐾 ] 
𝐶𝐶𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐 = ?̇?𝑚𝑐𝑐𝑐𝑐𝑝𝑝,𝑐𝑐  [𝑊𝑊𝐾𝐾 ] 
𝐶𝐶𝑚𝑚𝑖𝑖𝑐𝑐 = min(𝐶𝐶ℎ𝑐𝑐𝑐𝑐 ,𝐶𝐶𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐) 
  
𝐶𝐶𝑚𝑚𝑟𝑟𝑥𝑥 = max(𝐶𝐶ℎ𝑐𝑐𝑐𝑐,𝐶𝐶𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐) 𝑅𝑅 = 𝐶𝐶𝑚𝑚𝑖𝑖𝑚𝑚𝐶𝐶𝑚𝑚𝑎𝑎𝑚𝑚 [−] (2.42) 
9. the number of transfer unit NTU can be calculated as: 
𝑁𝑁𝑇𝑇𝑈𝑈 = 𝑈𝑈 𝐴𝐴𝑎𝑎𝑓𝑓𝑎𝑎
𝐶𝐶𝑚𝑚𝐵𝐵𝑖𝑖
  [−] (2.43) 
10. while the maximum possible heat transfer rate is calculated as: 
?̇?𝑄𝑚𝑚𝑟𝑟𝑥𝑥 = 𝐶𝐶𝑚𝑚𝑖𝑖𝑐𝑐 ∆𝑇𝑇𝑚𝑚𝑎𝑎𝑥𝑥 =  𝐶𝐶𝑚𝑚𝑖𝑖𝑐𝑐�𝑇𝑇ℎ,𝐵𝐵 − 𝑇𝑇𝑐𝑐,𝐵𝐵�  [𝑘𝑘𝑊𝑊𝑐𝑐ℎ] (2.44) 
Accordingly, from the definition of the effectiveness: 
Ɛ = ?̇?𝑄
?̇?𝑄𝑚𝑚𝑎𝑎𝑥𝑥
  [−] (2.45) 
the actual heat transfer rate can be calculated and the outlet temperatures from the 
overall energy balance: 
?̇?𝑄 = Ɛ ?̇?𝑄𝑚𝑚𝑎𝑎𝑥𝑥  [𝑘𝑘𝑊𝑊𝑐𝑐ℎ] (2.46) 
𝑇𝑇ℎ,𝑐𝑐 = 𝑇𝑇ℎ,𝑖𝑖 − ?̇?𝑄?̇?𝑚ℎ𝑐𝑐𝑝𝑝,ℎ [°𝐶𝐶] (2.47) 
𝑇𝑇𝑐𝑐,𝑐𝑐 = 𝑇𝑇𝑐𝑐,𝑖𝑖 + ?̇?𝑄?̇?𝑚𝑐𝑐𝑐𝑐𝑝𝑝,𝑐𝑐 [°𝐶𝐶] (2.48) 
The effectiveness of a HE has a very important thermodynamic significance. It relates the 
heat exchanged to the maximum heat that can be exchanged in a hypothetical infinite 
length exchanger. This can be obtained when the fluid with the minimum heat capacity 
rate could undergo the maximum possible temperature change. In this case study the 
effectiveness was evaluated from the typical Ɛ − 𝑁𝑁𝑇𝑇𝑈𝑈 graph of this heat exchanger that 
was obtained from the manufacturer software SWEP SSP G7 and it is showed in Fig. 36 of 
the next paragraph. 
In the following table the main results of the heat exchanger performance rating 
procedure are summarised. In each column the quantities presented above are reported 
in order to do this analysis. These values were obtained during a test that was performed 
by fixing different flow rate ratio between the two sides of the heat exchanger and 
varying the inlet temperature in the primary circuit. All measured and calculated 
quantities (volumetric flows, fluid velocity, heat transfer coefficient, etc.) are 
summarised in Appendix C. 
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The relevant result of the Table 10 is the comparison between the outlet temperatures 
obtained through the heat transfer model of the HE (𝑇𝑇ℎ,𝑐𝑐,𝑇𝑇𝑐𝑐,𝑐𝑐) with to the measured values 
(𝑇𝑇ℎ,𝑐𝑐 𝑚𝑚𝑒𝑒𝑟𝑟𝑠𝑠,𝑇𝑇𝑐𝑐,𝑐𝑐 𝑚𝑚𝑒𝑒𝑟𝑟𝑠𝑠 ). They result very close, in fact their difference (𝐸𝐸𝑟𝑟𝑟𝑟) does never 
exceed the 3% of the measured temperatures. This implies that the heat exchanger model 
is enough accurate, considering also all the assumptions made above and the fact that 
the thermal losses have been neglected. This issue and the thermal characterisation of 
the overall hydraulic module are investigated in the next paragraph.  
 
Table 10: Results of the performance rating of the heat exchanger. 
 
 
 Hydraulic module thermal characterisation 
Thus, because of thermal losses the actual heat transfer rate between the two fluids 
separated by the heat exchanger is not the same. At this point it is important to remember 
that the overall losses include both the thermal losses of the heat exchanger and the 
thermal losses of the copper uninsulated pipes inside the hydraulic module. So, to 
characterise the performance of the overall hydraulic module a different approach was 
used. 
Firstly, a thermal efficiency of the hydraulic module was defined as the ratio of the 
output thermal power to the input thermal power. With this definition the performance 
of the hydraulic module takes into account the thermal losses. 
• Thermal efficiency  
𝜂𝜂𝑐𝑐ℎ = ?̇?𝑄2?̇?𝑄1 = 1 − ?̇?𝑄𝑇𝑇𝑓𝑓𝑣𝑣𝑣𝑣𝑅𝑅𝑣𝑣?̇?𝑄1  [−] (2.49) 
Neglecting kinetic and potential energy changes, dissipated thermal power by viscous 
friction, thermal power given by the pumps and considering that the property of the 
fluid are constant with respect to the temperature variation, the overall energy balance 
in the boundary that includes the hydraulic module ad a whole  can be expressed in the 
following form: 
?̇?𝑄1 = ?̇?𝑄2 + ?̇?𝑄𝑓𝑓𝑐𝑐𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠 [𝑘𝑘𝑊𝑊𝑐𝑐ℎ] (2.50) 
U     Cmin          Cmax            R   NTU  Ɛ    Th,o                Th,o meas            Err               Tc,o                    Tc,o meas          Err                
 [W/m2 K] [kW/K] [kW/K]   [-]  [-]  [-] [kW] [kW] [°C] [°C] [°C] [°C] [°C] [°C]
2755 0.64 0.99 0.65 3.5 0.9 10.2 8.9 21.4 21.3 0.1 28.5 28.2 0.3
2975 0.65 0.98 0.66 3.7 0.9 17.7 15.6 29.3 29.1 0.2 42.0 41.3 0.7
3218 0.64 0.96 0.67 4.1 0.9 25.5 22.7 40.7 40.3 0.5 60.0 58.8 1.3
3630 0.65 0.94 0.69 4.5 0.9 20.3 18.2 65.3 64.9 0.4 81.6 80.3 1.3
3131 0.99 0.99 0.99 2.6 0.7 13.7 9.6 20.6 20.0 0.6 26.1 26.4 -0.4
3354 0.98 1 0.98 2.8 0.7 23.6 17.1 27.4 26.6 0.8 37.9 38.3 -0.4
3585 0.96 0.99 0.97 3.0 0.8 35.1 26.4 35.9 35.1 0.8 53.4 53.5 0.0
3960 0.94 0.99 0.95 3.4 0.8 31.3 23.9 57.9 56.7 1.2 74.3 74.4 -0.2
3611 0.99 1.87 0.53 2.9 0.9 12.8 11.0 24.0 23.8 0.2 28.1 28.2 0.0
3863 1 1.85 0.54 3.1 0.8 22.4 18.4 34.4 33.5 0.9 40.3 41.3 -1.0
4128 0.99 1.83 0.54 3.4 0.8 32.6 27.0 48.1 46.7 1.4 57.2 58.5 -1.2
4533 0.99 1.79 0.55 3.7 0.9 26.2 22.3 71.6 70.5 1.2 80.1 80.7 -0.6
3110 0.64 1.86 0.35 3.9 0.9 10.0 9.3 25.3 25.2 0.1 29.2 29.0 0.3
3355 0.65 1.86 0.35 4.1 1.0 17.2 16.3 36.1 35.9 0.2 43.6 42.6 1.0
3648 0.64 1.82 0.35 4.6 1.0 22.6 21.7 52.2 52.0 0.2 62.7 61.1 1.6
4075 0.65 1.8 0.36 5.1 1.0 18.0 17.5 75.8 75.6 0.2 84.8 83.1 1.7
?̇? ?̇?max 
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?̇?𝑄1 = ?̇?𝑚ℎ𝑐𝑐𝑝𝑝ℎ�𝑇𝑇ℎ,𝑖𝑖𝑐𝑐 − 𝑇𝑇ℎ,𝑐𝑐𝑓𝑓𝑐𝑐� = 𝑈𝑈𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐|1∆𝑇𝑇𝑀𝑀𝜕𝜕𝐷𝐷 [𝑘𝑘𝑊𝑊𝑐𝑐ℎ] (2.51) 
?̇?𝑄2 = ?̇?𝑚𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐�𝑇𝑇𝑐𝑐,𝑖𝑖𝑐𝑐 − 𝑇𝑇𝑐𝑐,𝑐𝑐𝑓𝑓𝑐𝑐� =  𝑈𝑈𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐|2∆𝑇𝑇𝑀𝑀𝜕𝜕𝐷𝐷 [𝑘𝑘𝑊𝑊𝑐𝑐ℎ] (2.52) 
where the mean temperature difference is defined in relation to the logarithmic-mean 
temperature difference (LMTD) through the factor F (R, P, flow config.): 
∆𝑇𝑇𝑀𝑀𝜕𝜕𝐷𝐷 = 𝐹𝐹 ∆𝑇𝑇𝐿𝐿𝑀𝑀𝜕𝜕𝐷𝐷 [°𝐶𝐶] (2.53) 
∆𝑇𝑇𝐿𝐿𝑀𝑀𝜕𝜕𝐷𝐷 = �𝑇𝑇ℎ,𝑖𝑖𝑐𝑐 − 𝑇𝑇𝑐𝑐,𝑐𝑐𝑓𝑓𝑐𝑐� − �𝑇𝑇ℎ,𝑐𝑐𝑓𝑓𝑐𝑐 − 𝑇𝑇𝑐𝑐,𝑖𝑖𝑐𝑐�
𝑇𝑇𝑖𝑖
�𝑇𝑇ℎ,𝑖𝑖𝑐𝑐 − 𝑇𝑇𝑐𝑐,𝑐𝑐𝑓𝑓𝑐𝑐�
�𝑇𝑇ℎ,𝑐𝑐𝑓𝑓𝑐𝑐 − 𝑇𝑇𝑐𝑐,𝑖𝑖𝑐𝑐�
 [°𝐶𝐶] (2.54) 
The F factor in this case was evaluated from a table reported in Kandlikar et al. [40] for 
this flow arrangement (N°221). Because this factor depends on the number of plates of 
the HE (in this case N=37), it was evaluated as the average value from the two closest 
case presented in [40]: N=23 and N=47 plates.  
Starting from this assumptions, the NTU and the effectiveness relative to each circuit was 
defined as: 
𝑁𝑁𝑇𝑇𝑈𝑈1 = 𝑈𝑈𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐|1𝐶𝐶𝑚𝑚𝐵𝐵𝑖𝑖 = ?̇?𝑄1∆𝑇𝑇𝑚𝑚 𝐶𝐶𝑚𝑚𝐵𝐵𝑖𝑖                                       Ɛ1 = ?̇?𝑄1?̇?𝑄𝑚𝑚𝑟𝑟𝑥𝑥      [−] (2.55) 
𝑁𝑁𝑇𝑇𝑈𝑈2 = 𝑈𝑈𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐|2𝐶𝐶𝑚𝑚𝐵𝐵𝑖𝑖 = ?̇?𝑄2∆𝑇𝑇𝑚𝑚 𝐶𝐶𝑚𝑚𝐵𝐵𝑖𝑖                                       Ɛ2 = ?̇?𝑄2?̇?𝑄𝑚𝑚𝑟𝑟𝑥𝑥      [−] (2.56) 
 
Fig. 36: Results of the Ɛ-NTU method applied to each single side. 
The results showed in Fig. 36  are the same obtained during the test described in the last 
paragraph in order to rate the heat exchanger performance. In this case they are reported 
on the typical the Ɛ − 𝑁𝑁𝑇𝑇𝑈𝑈 graph of this heat exchanger that was obtained from the 
manufacturer software SWEP SSP G7. These results show that on the primary side the 
heat exchanger operates in good agreement in relation to the model of the company 
software. Because of the thermal losses, the thermal power transferred from the primary 
to the secondary circuit is smaller. For this reason there is Ɛ2 < Ɛ1 for any value of the 
thermal capacity ratio. The plotted values are referred respectively to the primary or 
secondary side according to the label R1/R2. 
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In order to characterise the thermal losses of the overall hydraulic module, these were 
related to a particular temperature difference between the heat exchanger and the air. 
The average temperature of the heat exchanger was assessed weighing each temperature 
of the uninsulated surfaced with respect to its area with the following equations:   
∆𝑇𝑇𝑚𝑚 = 𝑇𝑇𝑚𝑚,𝐻𝐻𝐸𝐸 −  𝑇𝑇𝑎𝑎𝐵𝐵𝑟𝑟,ℎ𝑚𝑚 [°𝐶𝐶] (2.57) 
𝑇𝑇𝑚𝑚,𝐻𝐻𝐻𝐻 
= 𝑇𝑇𝑐𝑐,𝑐𝑐𝑓𝑓𝑐𝑐 ∙ 𝑆𝑆𝑝𝑝𝑓𝑓𝑟𝑟𝑐𝑐𝑒𝑒 + 𝑇𝑇ℎ,𝑖𝑖𝑐𝑐 ∙ 𝑆𝑆𝑝𝑝𝑓𝑓𝑟𝑟𝑐𝑐𝑒𝑒 +   2  �𝑇𝑇ℎ,𝑖𝑖𝑐𝑐 + 𝑇𝑇ℎ,𝑐𝑐𝑓𝑓𝑐𝑐 + 𝑇𝑇𝑐𝑐,𝑖𝑖𝑐𝑐 + 𝑇𝑇𝑐𝑐,𝑐𝑐𝑓𝑓𝑐𝑐�4  ∙  𝑆𝑆𝑐𝑐𝑐𝑐𝑝𝑝2 𝑆𝑆𝑝𝑝𝑓𝑓𝑟𝑟𝑐𝑐𝑒𝑒 + 2 𝑆𝑆𝑐𝑐𝑐𝑐𝑝𝑝  [°𝐶𝐶] 
 
(2.58) 
In particular it was assumed that the two external plate were at the temperature of the 
inlet hot flow and out cold flow, respectively. While the top and bottom surface were at 
the average temperature of all the currents. 
 
 
Fig. 37: Range of thermal losses measured during test and fitted data. 
 
Despite few inconsistent results that were obtained because the maybe the complete 
stationary conditions were not reached yet during the test, the trends of the graph of Fig. 
37 seems to describe that the thermal losses obviously increase with the average 
temperature difference with respect to the air, but they tend to a saturation for high 
temperature differences. This maybe is due to the fact that the box of the hydraulic 
module is insulated.  An experimental correlation was obtained using the Last Square 
method: 
?̇?𝑄𝑓𝑓𝑐𝑐𝑠𝑠𝑠𝑠 = 𝐶𝐶 − 𝐴𝐴𝑅𝑅− 𝜕𝜕𝑚𝑚−𝜕𝜕𝑎𝑎𝑖𝑖𝑐𝑐𝐵𝐵  [𝑘𝑘𝑊𝑊𝑐𝑐ℎ] (2.57) 
where 
A = 1.79 B = 12.5 C = 1.79 
The measured overall quantities during the tests and calculated with this procedure are 
summarised in Appendix C. In this tables the uncertainties assessed in the temperatures, 
volumetric flows, and thermal power measurements are also reported. The overall 
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thermal losses plotted in Fig. 37 and summarised in Table 37 are included between 0,5-2 
𝑘𝑘𝑊𝑊𝑐𝑐ℎ that is the range 2% - 8% compared to the input thermal power in the primary circuit 
during each test. 
 Assessment of the uncertainty for the thermal power 
measurements 
Finally, in this paragraph are illustrated the measurements and the related uncertainty 
of the thermal powers exchanged by the flat plate heat exchanger of the hydraulic 
module. These values are referred to the steady state test of which temperature profiles 
and flow rates were pesented in the paragraphs 2.3.3 and 2.4.2. 
 Thus, during this test the thermal powers showed in Fig. 38 were measured both by the 
laboratory sensors and the hydraulic module sensors at the port C1-C2 of the primary 
circuit and the port C5-C6 of the secondary circuit. The difference in the thermal powers 
exchanged is due to the overall thermal losses of the hydraulic module. 
 
Fig. 38: Comparison of the thermal power measurements by the hydraulic module sensors and the 
laboratory sensors on the primary and the secondary circuit.  
 
In Table 11 the overall results are summarised. These were measured both by the 
hydraulic module sensors and by the laboratory ones. In particular in the first column 
𝑃𝑃𝑐𝑐ℎ,𝑝𝑝 represents the average value of the thermal power exchanged in a period of one 
minute on the primary side, 𝑃𝑃𝑐𝑐ℎ,𝑠𝑠 is the thermal power exchanged on the secondary 
side, 𝑃𝑃𝑐𝑐ℎ,𝑓𝑓𝑐𝑐𝑠𝑠𝑠𝑠 is the thermal power losses and ηℎ𝑚𝑚 is the efficiency of the hydraulic module 
presented in the previous paragraph. In addition, the absolute and relative uncertainties 
of the thermal powers exchanged are reported. These were assessed according to the 
rules of the propagation of the uncertainty in the indirect measurement of a quantity as 
it was described in Appendix B. 
Table 11: Results of the thermal power measurements and related uncertainties, thermal losses 
and efficiency assessment of the hydraulic module. 
Thermal powers 
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  Pth,p u(Pth,p)  ε(Pth,p)  Pth,s  u (Pth,s) ε(Pth,s)  Pth_loss  Pthloss   ηhm  
 [kWth]  [kWth] [%] [kWth] [kWth] [%]   [kWth] [%] [%] 
Hyd. module 21.51 1.67 7.8% 19.21 2.41 13% 2.30 11% 89% 
Lab 21.16 0.39 1.9% 19.22 0.22 1.2% 1.94 9% 91% 
Diff [kWth] 0.35     0.01           
 
As it can be seen in Table 11, the difference between the thermal powers measured by 
the laboratory sensors and by the hydraulic module sensors is included in the range of the 
uncertainty on the thermal power measured by the laboratory sensors. This fact allows 
to conclude that the hydraulic module is a device that can measure the thermal power in 
a rather accurate way, despite the main temperatures of the flowing fluid inside the pipes 
are indirectly assessed from the pipe surface temperature measurements. 
The greater entity of the uncertainty in the thermal power measurement of the hydraulic 
module compared to the laboratory one is due to the greater entity of the uncertainty in 
the volumetric flow rate measurement. In order to reduce this and to extend the 
measuring range to low values flow rates it was decided to install in the future models of 
the hydraulic module some vortex flow meters with a reduced cross section.  According 
to the results presented in the paragraph 2.4.2 regarding the decreasing of the 
uncertainty in the flow rate measurements, in Table 12 are presented the results that 
could be obtained in the uncertainty in the thermal power measurements. These were 
evaluated considering to the measurements of the previous case. As can be note, the 
relative uncertainty decrease under the 10% of the measured values and it is almost the 
half with respect the previous case.  
Table 12: Results of the thermal power measurements and related uncertainties of the hydraulic 
module installing the new flow meter. 
Thermal powers 
  Pth,h u(Pth,h)  ε(Pth,h)  Pth,c  
u 
(Pth,c) ε(Pth,c)  Pth_loss  Pthloss   ηhm  
 [kWth]  [kWth] [%] [kWth] [kWth] [%]  [kWth] [%] [%] 
Hyd. module 21.51 1.03 4.8% 19.21 1.39 7% 2.30 11% 89% 
Lab 21.16 0.40 1.9% 19.22 0.22 1.2% 1.94 9% 91% 
Diff [kWth] 0.35     0.01           
 
 Conclusions 
The hydraulic module analysed is a very interesting and useful solution of pre-package kit 
to connect the main components of a heating and cooling plant. Its modularity, the 
possibility of use as heat meter and the integration in an energy management network 
are some advantages that mark it with respect to other solutions present in the market. 
Some commissioning tests were performed on the first prototype. These were carried out 
by exchanging different thermal power rates from the primary circuit, representing a heat 
source, to the secondary circuit representing the user side.   
The assessment of the main temperature of the flowing fluid (bulk temperature) was done 
from the surface temperature of the pipe. This solution allows to install surface RTD 
Pt1000 sensors with the advantages in reduction of space, manufacturing costs and above 
all in the rapidity of the thermal response. This latter is useful to measure the power 
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exchanged in a short draw off. A temperature correction function that depends on the 
temperature of the air inside the box was adopted to assess the main temperature of the 
fluid. This latter involves a negligible loss of accuracy. The uncertainty in the bulk 
temperature measurement depends on the difference between the pipe surface 
temperature and air temperature. With reference to the test conditions that are reported 
in the paragraph 0 it is included in the range between ±0,2 K and ±0,26 K that represent 
in term of relatively uncertainty the 1,2% and the 0,59% of the measured values, 
respectively.    
For what concerns the measurements of the volumetric flow rate vortex flow meter are 
installed. In order to extend the measuring range to low values of the volumetric flow a 
new model with a reduced cross section will be installed in future. This fact have the 
effect of the reduction of the overall uncertainty in the flow rate measurement that pass 
from about ±90 [l/h] to ±51 [l/h]. With reference to the test conditions that are reported 
in the paragraph 2.4.2 this could consist in the reduction of the relative uncertainty from 
7,4% to 4,2% of the flow rate measured in the primary circuit and from 12% to the 7% of 
the flow rate measured in the secondary one. 
Finally, the hydraulic module was characterised in terms of thermal efficiency and 
thermal losses that were always less than about the 10% of the thermal power exchanged 
on the primary circuit. The measurement of the thermal power exchanged through the 
hydraulic module and its uncertainty was compared with the laboratory sensors. Their 
difference is included in the uncertainty range of the laboratory sensors that are rather 
accurate. With regard to the hydraulic module, as a consequence of the installation of a 
new vortex flow meter, the overall uncertainty in thermal power measurement could 
decrease of almost half. For example, considering the test results that are reported in 
the previous paragraph it could pass from 7,8% to 4,8% and from 13% to 7% of the thermal 
power measured on the primary and secondary circuit, respectively. 
These last two points confirm the possibility of use of the hydraulic module as heat meter 
and encourage its certification according to the European Directive 2004/22/EC on 
Measuring Instruments (MID) [41] and the reference standard EN 1434 [42]. 
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3 Hybrid heating and cooling systems characterization 
A clear definition of the performance figures for renewable heating and cooling systems 
is very important. This must be done with an appropriate choice of the spatial and 
temporal system boundaries. Firstly, because it allows customers to compare different 
technologies in order to select the most suitable for their application with the minimum 
utilization of fossils and maximum savings. This reason may cause the increase of the 
market for new products thanks to renewables target-orientated policy funding. 
Secondly, the definition of an appropriate figure of merit entails new targets in system 
design and in improving the overall performance. Lastly but not least, these figures must 
regard and include some parameters in order to evaluate the environmental impact of 
some technologies for their production, transport, installation and during their service 
life.  
In this chapter, firstly it is presented a uniform representation of hybrid system proposed 
within a project of the International Energy Agency (IEA). Secondly, the performance 
figures of a whole hybrid system and of its most important components are presented. 
Finally, it is described a first version of dynamic test procedure developed at EURAC. 
3.1 Systems representation and boundaries 
Within the Task 44/ Annex 38 of the IEA a big effort was done in order to reach common 
definitions about the figure of merits of solar assisted heat pump system and the system 
representation. As it is described also in Fedrizzi et al [43] an uniform representation of 
this complex hybrid system provides a basis for a clear calculation of the performance 
figures in order to compare the all systems for heating and cooling on a common base. 
In Fig. 39 it is shown the representation adopted for the “reference system” proposed in 
the Task 44/ Annex 38. This representation contains on the left part the traded energies 
that may include fossil and/or renewable energy while in the top and on the right part 
are presented the free available renewable energy sources and the building loads to 
cover, respectively. All the components that are included in the graph can be connected 
according to the energy flows with a source-sink approach. In particular any virtual 
component can act either as a sink or as a source of thermal and/or electric energy for 
any of the other components. 
At this point, in order to assess the figures of merit in a transparent and consistent way, 
it is important to define the boundaries that must be considered for the evaluation of the 
energy balances. In general the assessment of the performace in relation to a defined 
boundary can be done for different purpose such as the ecology related evaluation of the 
whole system or possible improvement of the efficiency of a component. Despite this 
fact, the foundamental thing is that the performance of different system/components 
must be compared using comparable boundaries for energy balancing. 
Finally, the definition of a boundary includes or not some components (e.g. circulating 
pumps, fans, etc.), therefore, comparing the performance of the same system within 
different boundaries allows to assess the influence of included/excluded components on 
the “global” figure of merit. 
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Fig. 39: Main system and components boundaries for the reference SHP system presented in [44] 
In the next paragraphs are briefly described the performance figures and the thermal 
characterisation of the most important component of a SAHP system according to the 
boundary selected in Fig. 39. Finally, the figures of merit defined for a whole system are 
defined. 
 Solar thermal collectors 
Solar thermal collectors are special heat exchangers that convert the solar radiation 
energy to internal energy of the transport medium. This heat can be directly transferred 
to cover a heat demand by a device/building or it is usually stored in tanks. The largest 
widespread solar combisystems are design to cover the DHW demand that is almost 
constant during a year. Differently, the space heating demand does not entirely match 
with the availability of the solar source. Only during the intermediate season a sufficient 
solar irradiation can contribute to this demand. On the other side, in theory the greater 
availability of this source could be employed with thermally driven heat pumps 
(absorption/adsorption) during the summer season to cover the space cooling demand. 
The main components of the commons flat plate collectors are: 
• the selective absorber that consists in a metallic plate in contact with a serpentine 
pipe or in which are derived channels in order to transfer the collected heat to the 
working fluid. Its surface is normally coated in order to obtain a high value of 
absorption in the visible range for collecting the maximum solar radiation and the 
lowest emissivity in the long wave infrared range to reduce the radiation re-emitted 
because of the temperature of its surface (50-100°C). 
• the glass cover that creates an air gap with the absorber for reducing the convective 
heat losses; thanks to it optical properties, it operates like a filter of the radiation 
wavelength for reducing the irradiation heat losses: its transmittance that is a 
function of the wavelength of the incident radiation, allows to pass the radiation with 
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a small wavelength (visible) but filters the radiation emitted at high wavelength 
(infrared).   
• the insulated and waterproof box, which contains all the components, protects them 
from the external agent and reduces the heat losses due to conductive and convective 
heat transfer phenomena. 
            
Fig. 40: Main components of a flat plate collector (a) and scheme of the energy balance (b) [45] 
The instantaneous collector efficiency is defined as the ratio of the useful gain ?̇?𝑄𝑓𝑓  
transferred to a fluid over the overall irradiance 𝐺𝐺𝜕𝜕 on the collector area 𝐴𝐴𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓: 
𝜂𝜂𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓 = ?̇?𝑄𝑓𝑓 𝐺𝐺𝜕𝜕 ∙  𝐴𝐴𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓 = ?̇?𝑚𝑤𝑤 𝑐𝑐𝑝𝑝 (𝑇𝑇𝑓𝑓,𝑐𝑐𝑓𝑓𝑐𝑐 − 𝑇𝑇𝑓𝑓,𝑖𝑖𝑐𝑐)𝐺𝐺𝜕𝜕 ∙  𝐴𝐴𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓            [−] (3.1) 
Neglecting the thermal losses of the insulated box and considering the area of the 
absorber 𝐴𝐴𝑟𝑟  instead of the collector area 𝐴𝐴𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓, the energy balance of the solar collector 
can be written as: 
?̇?𝑄𝑓𝑓 =  ?̇?𝑄𝑟𝑟𝑏𝑏𝑠𝑠 − ?̇?𝑄𝑓𝑓𝑐𝑐𝑠𝑠𝑠𝑠     [𝑘𝑘𝑊𝑊𝑐𝑐ℎ] (3.2) 
?̇?𝑄𝑓𝑓 =< 𝜏𝜏𝑐𝑐  𝛼𝛼𝑟𝑟 > 𝐴𝐴𝑟𝑟 𝐺𝐺𝜕𝜕 −  𝑈𝑈𝑓𝑓𝐴𝐴𝑟𝑟  (𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑒𝑒) [𝑘𝑘𝑊𝑊𝑐𝑐ℎ (3.3) 
where: 
• 𝑈𝑈𝑓𝑓 is the top overall loss coefficient from the collector plate to the ambient; 
• 𝑇𝑇𝑟𝑟 is the temperature of the absorber and 𝑇𝑇𝑒𝑒 the temperature of the ambient air; 
• < 𝜏𝜏𝑐𝑐  𝛼𝛼𝑟𝑟 > is an equivalent coefficient that depend of the overall contributions on the 
product of the glass transmittance 𝜏𝜏𝑐𝑐 and the absorber absorbance  𝛼𝛼𝑟𝑟 due to the 
beam, diffuse and ground-reflected radiation. This coefficient can be calculated from 
its value at the normal incidence angle (𝜃𝜃 = 0°), (< 𝜏𝜏𝑐𝑐  𝛼𝛼𝑟𝑟 > )𝑐𝑐 through the incidence 
angle modifier 𝐾𝐾𝜏𝜏𝜏𝜏: < 𝜏𝜏𝑐𝑐  𝛼𝛼𝑟𝑟 >= (< 𝜏𝜏𝑐𝑐  𝛼𝛼𝑟𝑟 > )𝑐𝑐  𝐾𝐾𝜏𝜏𝜏𝜏 = (< 𝜏𝜏𝑐𝑐  𝛼𝛼𝑟𝑟 > )𝑐𝑐 �1 − 𝑇𝑇0 � 1𝑐𝑐𝑓𝑓𝑣𝑣𝜃𝜃 − 1�� [−] (3.4) 
where can be assumed 𝑇𝑇0 = 0,1 or 0,17 for one or two covering glasses, respectively. A 
detailed description of the properties of these coefficients can be found in W. Grassi [46].  
Because of the fact that the temperature of the absorber 𝑇𝑇𝑟𝑟  is difficult to calculate or 
measure, the useful energy gain can be expressed in terms of the inlet fluid temperature 
𝑇𝑇𝑓𝑓,𝑖𝑖𝑐𝑐 and the collector heat removal factor 𝐹𝐹𝑅𝑅. This coefficient can be analytically 
calculated or can be experimentally measured and represents the ratio of useful gain to 
the useful gain if the whole collector surface is at the fluid inlet temperature: 
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𝐹𝐹𝑅𝑅 = ?̇?𝑚𝑤𝑤  𝑐𝑐𝑝𝑝 (𝑇𝑇𝑓𝑓,𝑐𝑐𝑓𝑓𝑐𝑐 − 𝑇𝑇𝑓𝑓,𝑖𝑖𝑐𝑐)< 𝜏𝜏𝑐𝑐  𝛼𝛼𝑟𝑟 >  𝐴𝐴𝑟𝑟  𝐺𝐺𝜕𝜕 −  𝑈𝑈𝑓𝑓𝐴𝐴𝑟𝑟  (𝑇𝑇𝑓𝑓,𝑖𝑖𝑐𝑐 − 𝑇𝑇𝑒𝑒)           [−] (3.5) 
So, the expression of the collector efficiency becomes: 
𝜂𝜂𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓 = 𝐹𝐹𝑅𝑅 < 𝜏𝜏𝑐𝑐  𝛼𝛼𝑟𝑟 > − 𝐹𝐹𝑅𝑅𝑈𝑈𝑓𝑓  (𝑇𝑇𝑓𝑓,𝑖𝑖𝑐𝑐 − 𝑇𝑇𝑒𝑒) 𝐺𝐺𝜕𝜕            [−] (3.6) 
Referring to the expression 3.6 the collector efficiency depends linearly on the ratio  (𝜕𝜕𝑓𝑓,𝑖𝑖𝑚𝑚−𝜕𝜕𝑒𝑒) 
𝐺𝐺𝑇𝑇
 and in particular increases when the temperature difference between the inlet 
fluid �𝑇𝑇𝑓𝑓,𝑖𝑖𝑐𝑐� and the external air (𝑇𝑇𝑒𝑒) is small or when the global irradiance 𝐺𝐺𝜕𝜕 is high. 
The European standard EN 12975-2 [47] defines the expression of the instantaneous 
efficiency 𝜂𝜂𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓, obtained by statistical curve fitting of test results, as a quadratic 
expression that depends on the average temperature of the fluid �𝑇𝑇𝑚𝑚 =  𝜕𝜕𝑓𝑓,𝑜𝑜𝑜𝑜𝑐𝑐−𝜕𝜕𝑓𝑓,𝑖𝑖𝑚𝑚2 �: 
𝜂𝜂𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓 =  𝜂𝜂0 − 𝑎𝑎1  (𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑒𝑒)𝐺𝐺𝜕𝜕 −  𝑎𝑎2  (𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑒𝑒)2𝐺𝐺𝜕𝜕          [−] (3.7) 
where: 
• 𝑇𝑇𝑚𝑚∗ =  (𝜕𝜕𝑚𝑚−𝜕𝜕𝑒𝑒)𝐺𝐺𝑇𝑇  is called reduced temperature difference; 
• 𝜂𝜂0 is the zero-loss collector efficiency (at 𝑇𝑇𝑚𝑚∗ = 0); 
• 𝑎𝑎1  [W/m2 K]  is heat loss coefficient at 𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑒𝑒 = 0; 
• 𝑎𝑎2  [W/m2 K2] is temperature dependence of the heat loss coefficient. 
These coefficients are obtained with test performed in extreme conditions such as with 
the fluid at the external ambient temperature (𝑇𝑇𝑚𝑚 = 𝑇𝑇𝑒𝑒) and without solar 
irradiance(𝐺𝐺𝜕𝜕 = 0). 
An additional figure of merit for a solar field is the Gross Solar Yield (GSY) that represents 
the ratio of the overall solar energy collected and the area of the collector field: 
𝐺𝐺𝑆𝑆𝐺𝐺 =   𝑄𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
𝐴𝐴𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
         [𝑘𝑘𝑊𝑊ℎ
𝑚𝑚2
] (3.8) 
 Heat Pumps 
Differently from traditional heating systems that use fossils, heat pumps are thermal 
machines which performances are upper limited by a different physical limit: the Inverse 
Carnot Cycle. This ideal thermodynamic cycle is characterised by reversible 
transformations and its efficiency is independent of the working fluid and depends only 
on the temperatures of the thermal sources.  
Differently from direct cycles, in an inverse cycle work must be done for transferring heat 
from a low temperature reservoir to a high temperature reservoir. The useful effect 
depends on the two cases: it could be the heat provided to the high temperature reservoir 
�?̇?𝑄𝐻𝐻� or the heat extracted from the low temperature reservoir �?̇?𝑄𝐿𝐿�. According to these 
definitions, two figures of merit can be defined for an Inverse Carnot cycle that depend 
only on the absolute temperatures (Kelvin degrades) of the sources: 
• the Coefficient of performance:     𝐶𝐶𝐶𝐶𝑃𝑃𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐 =  ?̇?𝑄𝐻𝐻?̇?𝑊 = 𝜕𝜕𝐻𝐻𝜕𝜕𝐻𝐻−𝜕𝜕𝐿𝐿        [−] (3.8) 
 
• the Energy Efficiency Ratio:            𝐸𝐸𝐸𝐸𝑅𝑅𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐 =  ?̇?𝑄𝐿𝐿?̇?𝑊 = 𝜕𝜕𝐿𝐿𝜕𝜕𝐻𝐻−𝜕𝜕𝐿𝐿        [−] (3.9) 
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Differently from these ideal cases, a real machine works with an inverse cycle in which 
the transformations are irreversible. Referring to Fig. 41, these irreversibility are due to 
the non-isentropic compression of the real gases (transformation B-C), the lamination 
process (transformation D-A) and the non-isothermal heat exchanges in the condenser 
and in the evaporator (transformations C-D/A-B). For these latter the irreversibility is also 
due to the finite difference of temperature that is needed to exchange a certain level of 
thermal power between the refrigerant and the thermal source. The overall irreversibility 
can be assessed theoretically with the exergy balance and quantified with the Exergetic 
Efficiency:  
𝜂𝜂𝐼𝐼𝐼𝐼 = 𝐶𝐶𝐶𝐶𝑃𝑃𝑟𝑟𝑒𝑒𝑟𝑟𝑓𝑓𝐶𝐶𝐶𝐶𝑃𝑃𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐        [−] (3.10) 
                 
Fig. 41: Inverse thermodynamic cycle of a real fluid (a) and scheme of the main component of a 
heat pump (b) [48]. 
Considering stationary conditions, the performances of heat pumps with electrically 
driven compressors (standard EN 14511) are defined considering in the evaluation of the 
effective power input ?̇?𝑊𝑒𝑒𝑓𝑓   the operation of the compressor and the additional devices of 
the unit. Consequently, the COP is the ratio of the heating capacity per unit of time ?̇?𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
(useful effect -heat- is given at the condenser) to the effective power input ?̇?𝑊𝑒𝑒𝑓𝑓 supplied 
to the unit. The EER is the analogous in cooling mode where the useful effect (cool) is 
given at the evaporator  ?̇?𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 
𝐶𝐶𝐶𝐶𝑃𝑃 = 𝐻𝐻𝑅𝑅𝑎𝑎𝑎𝑎𝐵𝐵𝑖𝑖𝑔𝑔 𝐶𝐶𝑎𝑎𝑝𝑝𝑎𝑎𝑐𝑐𝐵𝐵𝑎𝑎𝑑𝑑
𝑃𝑃𝑓𝑓𝑃𝑃𝑅𝑅𝑟𝑟 𝐼𝐼𝑖𝑖𝑝𝑝𝑇𝑇𝑎𝑎    = ?̇?𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐?̇?𝑊𝑒𝑒𝑓𝑓  [−] (3.11) 
𝐸𝐸𝐸𝐸𝑅𝑅 = 𝐶𝐶𝑓𝑓𝑓𝑓𝑇𝑇𝐵𝐵𝑖𝑖𝑔𝑔 𝐶𝐶𝑎𝑎𝑝𝑝𝑎𝑎𝑐𝑐𝐵𝐵𝑎𝑎𝑑𝑑
𝑃𝑃𝑓𝑓𝑃𝑃𝑅𝑅𝑟𝑟 𝐼𝐼𝑖𝑖𝑝𝑝𝑇𝑇𝑎𝑎      = ?̇?𝑄𝑒𝑒𝑐𝑐𝑟𝑟𝑝𝑝?̇?𝑊𝑒𝑒𝑓𝑓  [−] (3.12) 
In addition the same averaged <COP> and <EER> can be defined as the useful thermal energy 
divided by the total energy input with reference to a specified time interval. 
The equivalent seasonal performance figures (SCOP and SEER) are defined as the ratio of 
the useful thermal energy and the energy input. The standard EN 14825 describes how to 
assess these ones for electrically driven air source HPs through the Bin method. The 
calculation consists in assess the number of hours corresponding to the bin temperature 
with a resolution of one bin/K. This values are used to evaluate the COP/EER in each bin 
from available data obtained with stationary tests according to in EN 14511. Some 
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correlations are used to penalise the value of the steady state COP for considering the 
partial load and transient operations. Additional electricity consumption from various 
standby and off modes must be taken into account. 
𝑆𝑆𝐶𝐶𝐶𝐶𝑃𝑃 = 𝑄𝑄ℎ
𝑊𝑊𝑒𝑒𝑓𝑓
 [−] (3.13) 
𝑆𝑆𝐸𝐸𝐸𝐸𝑅𝑅 = 𝑄𝑄𝑐𝑐
𝑊𝑊𝑒𝑒𝑓𝑓
 
[−] (3.14) 
 System as a whole 
Different performance figures were defined for assessing the performance of a hybrid 
system as a whole or to evaluate the contribution of each source in covering the loads. 
The most common are:   
Seasonal Performance Factor: this is used to assess the performance of a system as a 
whole over a year or a season working under real operating conditions. The SPF, as it is 
expressed in the standard EN 15316-4-2, quantifies the efficiency of a system including 
all auxiliary components (e.g. circulation pumps, back-up heaters, storages etc.). Fixed 
the system boundary it is calculated as the ratio of the useful energy output to the overall 
driving energy input. This latter is only the overall electricity consumed for a system 
including an electrically driven heat pumps with possible electrical resistance as back-up 
heater and circulating pumps.   
𝑆𝑆𝑃𝑃𝐹𝐹  = ∫�?̇?𝑄𝑆𝑆𝐻𝐻 + ?̇?𝑄𝑆𝑆𝐶𝐶 + ?̇?𝑄𝐷𝐷𝐻𝐻𝑊𝑊�𝑑𝑑𝑎𝑎
∫( ∑𝑃𝑃𝑒𝑒𝑓𝑓  )𝑑𝑑𝑎𝑎  [−] (3.15) 
In order to compare two systems, once fixed the same useful energy output and boundary 
conditions, the most efficient is that one that uses a less driving energy input and 
consequently has a higher SPF. This performance figure can be defined separately for 
heating, cooling and DHW applications. 
Solar fraction: this performance figure is used to assess the contribution of the solar 
energy to the overall load or each single load (SH, SC or DHW). It is defined as the ratio 
of the net useful solar energy to the loads to cover in a certain period. The net 
contribution of the solar source must take into account the thermal losses of the storages. 
𝑆𝑆𝐹𝐹𝑖𝑖   = 𝑄𝑄𝑠𝑠𝑐𝑐𝑓𝑓 𝑐𝑐𝑒𝑒𝑐𝑐,𝑖𝑖𝑄𝑄𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐  [−] (3.16) 
Air fraction: is used to assess the amount of thermal energy covered by the air source for 
each load or the overall load in a certain period. 
𝐴𝐴𝐹𝐹𝑖𝑖   = 𝑄𝑄𝑟𝑟𝑖𝑖𝑟𝑟,𝑖𝑖𝑄𝑄𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐 [−] (3.17) 
Primary energy ratio: this performance figure is useful to compare different heating and 
cooling systems. This because it is referred to the primary energy consumed to cover a 
certain demand. For a hybrid system that use only electricity as driven energy a 
conventional conversion factor 𝑓𝑓𝑝𝑝−𝑒𝑒𝑓𝑓 must be used to evaluate the equivalent primary 
energy. This is evaluated as the average efficiency in electricity production of a whole 
country. 
𝑃𝑃𝐸𝐸𝑅𝑅  = 𝑇𝑇𝑣𝑣𝑅𝑅𝑓𝑓𝑇𝑇𝑇𝑇 𝑅𝑅𝑖𝑖𝑅𝑅𝑟𝑟𝑔𝑔𝑑𝑑 
𝑝𝑝𝑟𝑟𝐵𝐵𝑚𝑚𝑎𝑎𝑟𝑟𝑑𝑑 𝑅𝑅𝑖𝑖𝑅𝑅𝑟𝑟𝑔𝑔𝑑𝑑 = ∫�?̇?𝑄𝑆𝑆𝐻𝐻 + ?̇?𝑄𝑆𝑆𝐶𝐶 + ?̇?𝑄𝐷𝐷𝐻𝐻𝑊𝑊�𝑑𝑑𝑎𝑎∫( ∑𝑃𝑃𝑒𝑒𝑓𝑓  )𝑑𝑑𝑎𝑎  ∙ 𝑓𝑓𝑝𝑝−𝑒𝑒𝑓𝑓 = 𝑆𝑆𝑃𝑃𝐹𝐹𝑓𝑓𝑝𝑝−𝑒𝑒𝑓𝑓 [−] (3.18) 
70 
   
 
In this part, firstly, was discussed the importance of a uniform representation of complex 
hybrid system for a clear definition of its performance figures. Secondary, the main 
performance figures for some common components of hybrid system were presented. 
Finally were defined the main performance figures for assessing the seasonal performance 
of a system as a whole, and the figure of merit that allow to compare all heating and 
cooling system on common basis. Additional figures of merit, which are not showed in this 
work, can be defined for evaluating the global warming potential and the life cycle 
assessment of a technology. 
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3.2 The new dynamic procedure developed at EURAC 
This paragraph presents the dynamic test procedure for heating and cooling systems 
developed at EURAC. In particular, the discussion is focused on the requirements and the 
test approach. The results of the application on a case study (hybrid SHP system) are 
reported in Chapter 4. 
A dynamic test procedure should represent the system performance like it would be in 
the real application. To perform a reliable evaluation of the performance, some 
requirement were defined: 
• the test should represent the behaviour of the system in a real installation; 
• the result should represent the annual performance; 
• the result must be enough accurate and reliable; 
• the test must be easy to perform; 
• cost-effectiveness need to be attractive for industry; 
• the procedure should be reproducible for different system, climates and load. 
The system has to be installed in the laboratory with the same configuration used in the 
real installation. The laboratory has not to influence the internal control of the system 
that have to evolve in according to the manufacturer control. 
In the procedure three different loads are foreseen that are the space heating, space 
cooling and the domestic hot water demand. 
 Dynamic boundary conditions 
The working conditions of heating and cooling system are variable in time. This dynamic 
working conditions are mainly due to the dynamic behaviour of the building and to the 
control strategy. Contrary to traditional heating system (e.g. gas boiler), the 
performances of system driven by renewable energy sources are also affected by the 
aleatory nature of the sources. The test procedure has to consider these aspects in order 
to perform a realistic study of the system behaviour. Consider for example the 
performance of a solar collector or that of an air source heat pump. As it was described 
in the previous paragraph their performances depend obviously on the climate and 
operation conditions.  
The Fig. 42 shows the block scheme of the method the procedure developed at EURAC. 
The first point of the procedure is to identify the dynamic boundary conditions that 
influence the operation of the tested system and that must be reproduced during a 
laboratory test. By considering the “whole system”, the boundary conditions are given by 
the weather data file. Fixing a building, the space heating and cooling load are 
consequence of the climate and of the end use of the building (internal gains, air change 
rates, etc.). 
 However, not all the components of the system can be installed in the laboratory because 
it would require sophisticated equipment. In this case, considering the equipment of the 
test facility, the components that could not be physically present are emulated through 
the laboratory circuits. For the case study presented in Chapter 4, the description of the 
laboratory circuits used for this aim is reported in Appendix C.  
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Fig. 42: Schematisation of the method adopted to reproduce the dynamic boundary conditions of 
the tested system. 
The method considers a test reference year (TRY) of one fixed climate condition. The 
one-minute resolution file is used. This high resolution weather data is significant for the 
emulation of components with low thermal capacity (e.g. dry cooler) and to achieve the 
transient variations of this “stress-forces” as close as possible to reality. 
In this case, the weather data have been generated on 1 minute resolution using dataset 
from Meteonorm software. 
The weather file is used as boundary condition in the emulations of the components that 
are not physically present and to define the load profile of the space heating/cooling 
demand of a reference building. The last boundary condition is the DHW request that is a 
predefined statistical draw-off profile defined with the program DHWcalc developed 
within the IEA SHC Task 26 [49]. 
 
 Component Emulation 
LabView is used both as test bench control software and “component emulation” 
software. The emulation is run with the same time step of the data acquisition (five 
seconds).  
The emulations are performed with “concentrate parameter” models. These ones are 
used to calculate the set points of the laboratory circuits in the following way: 
• for each time step, the outputs from the tested system are measured, and this data 
with the time-dependent weather data are passed to the component simulation subVI; 
• the simulation subVI uses these values to calculate the response of the emulated 
device. This becomes the set point for the control subVI; 
• the laboratory PID controllers operate so that the laboratory circuits for heat 
production/rejection reach the set conditions. 
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Collector field 
The collector field is not part of the tested system because it is difficult to install it 
physically and to achieve reproducible conditions in terms of ambient temperatures and 
irradiation. The collector output power and temperatures are reach with a dedicated 
laboratory circuit that uses a thermoregulator as it is described in Appendix C. 
For the emulation of the collector field, the model required the following data: 
• number of collector modules 
• hydraulic configuration of the solar field 
• gross area of collector     A  [m2] 
• zero loss efficiency     η0 [-] 
• linear heat loss coefficient   a1 [W/m2K] 
• quadratic heat loss coefficient   a2 [W/m2K2] 
• specific heat capacitance of the collector C [kJ/m2K] 
These information are given by the collector test certificate according to the reference 
standard (e.g. EN 12975-2). 
For each time step the collector efficiency was assessed with a quadratic correlation with 
respect to the reduced temperature difference 𝑇𝑇𝑚𝑚,𝑖𝑖∗  : 
ƞ𝑖𝑖 = ƞ0 − 𝑎𝑎1 ∙ 𝑇𝑇𝑚𝑚,𝑖𝑖∗ − 𝑎𝑎2 ∙ 𝐼𝐼𝑇𝑇𝑐𝑐𝑐𝑐𝑓𝑓,𝑖𝑖 ∙ 𝑇𝑇𝑚𝑚,𝑖𝑖∗ 2 [𝑘𝑘𝑊𝑊𝑐𝑐ℎ] (3.19) 
𝑇𝑇𝑚𝑚,𝑖𝑖∗ = 𝑇𝑇𝑚𝑚,𝑖𝑖 − 𝑇𝑇𝑟𝑟,𝑖𝑖𝐼𝐼𝑇𝑇𝑐𝑐𝑐𝑐𝑓𝑓,𝑖𝑖  [ °𝐶𝐶𝑊𝑊 𝑚𝑚2� ] (3.20) 
When the collector circuit was not activated, the output temperature of the fluid was 
calculated considering the heat gained and losses from the collector and it thermal 
capacity: 
𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐,𝑐𝑐𝑐𝑐𝑓𝑓,𝑖𝑖+1 = 𝑇𝑇𝑚𝑚,𝑖𝑖 + �?̇?𝑞𝑔𝑔𝑟𝑟𝑖𝑖𝑐𝑐 − ?̇?𝑞𝑓𝑓𝑐𝑐𝑠𝑠𝑠𝑠� ∙ 𝐴𝐴𝑐𝑐𝑐𝑐𝑓𝑓 ∙  𝛥𝛥𝑎𝑎𝐶𝐶𝑐𝑐𝑐𝑐𝑓𝑓  [°𝐶𝐶] (3.21) 
If the collector circuit is activated, the outlet temperature will be calculated from the 
inlet temperature and the total irradiance incident on the collector surface. 
𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐,𝑐𝑐𝑐𝑐𝑓𝑓,𝑖𝑖+1 = 𝑇𝑇𝑖𝑖𝑐𝑐,𝑐𝑐𝑐𝑐𝑓𝑓,𝑖𝑖 + ƞ ∙ 𝐴𝐴𝑐𝑐𝑐𝑐𝑓𝑓 ∙ 𝐼𝐼𝑇𝑇𝑐𝑐𝑐𝑐𝑓𝑓?̇?𝑚𝑐𝑐𝑐𝑐𝑓𝑓 ∙ 𝑐𝑐𝑝𝑝  [°𝐶𝐶] (3.22) 
To introduce an inertia effect, a moving average is applied to the outlet temperature. 
Air Units 
Usual practice is to install the air units in a climatic chamber that reproduces the ambient 
condition of external air units. In case of not availability of a climatic chamber, also the 
air unit is emulated. 
DHW request 
As described above, the DHW profile is fixed in advance with a statistical profile. A 
dedicated laboratory circuit is used to reject the equivalent useful heat in order to get 
the return temperature from the measured supply water temperature. The heat to reject 
is defined by the DHW file with the following equation: 
?̇?𝑄𝐷𝐷𝐻𝐻𝑊𝑊 = ?̇?𝑚𝑐𝑐ℎ𝑤𝑤 ∙ 𝑐𝑐𝑝𝑝 ∙ ∆𝑇𝑇 = ?̇?𝑚𝑐𝑐ℎ𝑤𝑤 ∙ 𝑐𝑐𝑝𝑝,𝑤𝑤 ∙ (𝑇𝑇ℎ𝑐𝑐𝑐𝑐,𝑐𝑐ℎ𝑤𝑤 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐,𝑐𝑐ℎ𝑤𝑤) [𝑘𝑘𝑊𝑊𝑐𝑐ℎ] (3.19) 
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Considering the Fig. 43, the return temperature is calculated as consequence of the 
delivery temperature and the fixed draw-off: 
𝑇𝑇𝑟𝑟𝑒𝑒𝑐𝑐,𝑐𝑐ℎ𝑤𝑤 = 𝑇𝑇𝑐𝑐𝑒𝑒𝑓𝑓,𝑐𝑐ℎ𝑤𝑤 − ?̇?𝑄𝐷𝐷𝐻𝐻𝑊𝑊?̇?𝑚𝑐𝑐ℎ𝑤𝑤,𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝑐𝑐𝑝𝑝 [°𝐶𝐶] (3.20) 
The system has to deliver the temperature at least at 40°C. If the temperature is lower, 
the fluid is circulated until the set temperature is reached. The return temperature is 
calculated with the thermal power of the first time step of the draw-off. In this way, the 
circuit wastes heat before reaching the 40°C. This additional heat is measured but is not 
counted for the DHW tapping. 
System
V3_dhw
Tcold,dhw
Thot,dhw
Tret,dhwTdel,dhw
m_dhw,sys
m_dhw
 
Fig. 43: Domestic hot water. Scheme for the calculation of temperature. 
Building 
A load file is defined from the building simulation. The adoption of a load file allows to 
perform tests of different systems with the same load file. The advantage is that the 
comparison of different system could be evaluated on a common load. Furthermore, it 
avoids the application of a building emulation that is more complicated than other 
emulations. 
Since a real-time simulation is not performed, the internal air temperature of the building 
is unknown. Consequently, the exact behaviour of the thermostatic valves cannot be 
reproduced. Therefore, in order to take into account the effects of discontinuous 
operation of a system, a different approach is used. 
This simplified method is based on the definition of an appropriate “energy threshold”. 
Its entity, which corresponds to the area highlighted with only colour red in Fig. 44, is 
estimated during the simulation phase of the building verifying that the indoor thermal 
comfort conditions are maintained within an acceptable range avoiding overheating or 
sub cooling. 
During the test, the activation of the system occurs each time the cumulated thermal 
energy, that is required by the building and that is known by integrating the load file, 
overcome this energy threshold. Throughout its activation the system will provide the 
amount of thermal energy calculated with the emulation of the distribution system, and 
it is stopped when the energy provided by the system is equal to the building energy 
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before and during the system activation. In other terms, the system is deactivated when 
the red and green areas are equal. 
 
Fig. 44: Method used to emulate the space heating/cooling load. 
The advantage of applying this calculation is that the system is realistically activated 
without requiring the building emulation and the delivery temperature is decided by its 
control strategy. The internal temperature is kept near to the set point if this activation 
is respected. 
 Test time scale: the Spectral analysis 
Since it is not possible to reproduce the entire yearly working conditions of a system, a 
short representative test sequence is performed in laboratory. In order to identify an 
appropriate time window of these tests a particular analysis was done. In particular the 
simulation results of the case study presented in the Chapter 4 were used as time series 
measurements for a Spectral analysis in the frequency domain. A dedicated program in 
LabVIEW was created to analyse these data as random discrete signals sampled with a 
timestep of one minute.  
The essence of the spectral estimation problem is: from a finite record of data sequence, 
assess how the intensity of a signal (power) is distributed over frequency. This analysis, 
which is widely applied in different fields, may reveal “hidden periodicities” in the 
studied data which are to be associated with cyclic behaviour or recurring processes. In 
addition it could help in characterizing the dynamical behaviour of a generic system.  
The function that was investigated is the Power Spectral Density (PSD) of each signal 
which name came from the study of random variations of the power absorbed in an 
electrical circuit. This is computed from the Discrete Fourier Transform (DFT) and 
provides a useful way to characterize the amplitude versus frequency content of a signal. 
In this work it is presented only the mathematical definition of this function and the 
results, other details are reported to reference books [50]. 
For a finite-duration, discrete-time signal 𝑥𝑥(𝑚𝑚) of length 𝑁𝑁 samples, the Discrete Fourier 
transform (DFT) is defined as 𝑁𝑁 uniformly spaced spectral samples: 
𝑋𝑋(𝑘𝑘) = � 𝑥𝑥(𝑚𝑚) 𝑁𝑁−1
𝑚𝑚=0
𝑅𝑅−𝑗𝑗�
2𝜋𝜋
𝑁𝑁 �𝑚𝑚 𝑘𝑘 ,                 𝑘𝑘 = 0, . . . ,𝑁𝑁 − 1               (3.21) 
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For stochastic signals, the Power-Spectral Density is defined as the Fourier transform of 
the autocorrelation function: 
𝑃𝑃𝑆𝑆𝐷𝐷 = 𝑃𝑃𝑋𝑋𝑋𝑋(𝑓𝑓) = � 𝑟𝑟𝑋𝑋𝑋𝑋(𝑚𝑚) ∞
𝑚𝑚=−∞
𝑅𝑅−𝑗𝑗 2𝜋𝜋𝑓𝑓 𝑚𝑚   (3.22) 
In practice, the autocorrelation function is useful for analysing how a signal changes in 
time by comparing the influence of the signal value at the instant 𝑘𝑘 and its value at the 
instant 𝑘𝑘 + 𝑚𝑚. If a signal is sufficiently periodic, this function has a maximum each time 
the delay 𝑚𝑚 is a multiple of the signal period. It is estimated from a signal record of 
length 𝑁𝑁  samples as: 
𝑟𝑟𝑋𝑋𝑋𝑋(𝑚𝑚) = 1𝑁𝑁 − |𝑚𝑚| � x(𝑘𝑘) ∙ x(𝑘𝑘 + 𝑚𝑚)                     𝑘𝑘 = 0, . . . ,𝑁𝑁 − 1𝑁𝑁−|𝑚𝑚|−1
𝑘𝑘=0
  (3.23) 
The following pictures shows the relevant variables that were analysed through the 
spectral analysis: the Global Horizontal Irradiation, the external ambient temperature 
and the building load. These mainly represent the “stress forces” that influence the 
performance of hybrid systems.  
 
Fig. 45: Solar irradiance profile of the TRY of the climate of Bolzano. 
 
 
Fig. 46: Irradiance spectrum of the TRY of the climate of Bolzano.  
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Fig. 47: Ambient temperature profile of the TRY of the climate of Bolzano. 
 
Fig. 48: Ambient air temperature spectrum of the TRY of the climate of Bolzano. 
 
Fig. 49: Heating load profile of the first floor of the building presented in Chapter 4. 
 
Fig. 50: Heating load spectrum of the analysed building. 
With reference to the previous pictures, it was verified that the system boundary 
conditions have two main characteristic frequencies that represent the period of 12 and 
24 hours respectively. These are obviously due to the day and night alternation. 
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Therefore, on one hand, the temperature signals of thermal components with low inertia 
have the same characteristic frequencies of the external “stress forces”. On the other 
hand, high inertia component (such as storages) shows an additional high intensity 
component at lower frequencies (corresponding to a period of 4-7 days). The temperature 
profile in the middle of the big storage (with a volume of 1000 litres) of the simulated 
system is showed in Fig. 51 while its spectrum is plotted in Fig. 52. In this latter it is 
showed the additional dominant low frequencies (in blue frame) as correspondent period 
(4-7 days). This is due to the high time constant of this component as a consequence of 
its thermal inertia. 
In addition it is possible to notice that all the signals are characterized also by a seasonal 
frequency (6 months). 
 
Fig. 51: Temperature profile in the middle of the big storage included in the simulated system. 
 
Fig. 52: Spectrum of the temperature profile in the middle of the big storage. 
The results of this analysis encouraged to adopt a daily filter for selecting representative 
events which conditions will be replicated during the laboratory test. For evaluating the 
influence of the inertial effect of the storages, events of groups of days could be selected. 
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 Selection of representative test sequence and test result 
extrapolation 
In a laboratory it is not reasonable to test a system for an entire year in order to assess 
its performance. Consequently, representative days of the test reference year must be 
selected to replicate the different seasonal working condition of the tested system. 
To select a representative part of the events, a clustering approach was used. Clustering 
is task of grouping a set of objects in such a way that objects in the same group (cluster) 
are more similar to each other than to those in other groups. The clustering can be 
formulated as multi-objective optimization problem. Different algorithms are defined to 
solve this task. To classify the days to select, the Partitioning Around Medoids (PAM) 
algorithm was used.  
 
The method creates a number of groups that is chosen by the user. Different sequence of 
6, 8, 10 and 12 days were created. 
 
To classify the events, they have to be compared in terms of some characteristics. The 
events – considered as days – are characterized by profiles of the “stress forces” that 
influence the system. 
 
The output of the clustering method is the classification of events into groups. From these 
groups, “Centroids” and “Medoids” are identified. The “Centroid” is the geometric centre 
of the group while the “Medoid” is the element of the group that is most near to the 
Centroid. The sequence is created with selecting the Medoids. 
 
Since different groups have not the same population (number of elements), the annual 
energy is calculated with the weight of the groups: 
𝑄𝑄𝑠𝑠𝑒𝑒𝑟𝑟𝑠𝑠 = � 𝑁𝑁𝑒𝑒𝑓𝑓,𝑐𝑐𝑓𝑓𝑓𝑓𝑠𝑠𝑐𝑐𝑒𝑒𝑟𝑟,𝑖𝑖 ∙ 𝑄𝑄𝑖𝑖𝑁𝑁𝑐𝑐𝑓𝑓𝑓𝑓𝑠𝑠𝑐𝑐𝑒𝑒𝑟𝑟
𝑖𝑖=1
  (3.24) 
 
Where Qi is the energy measured during the event corresponding to the “i-th” Medoid and 
Nel,cluster,i is the number of elements of the “i-th” cluster. 
The equation is valid for the thermal energies (SH, SC, DHW, collector and so on) and for 
the electric consumptions. 
 
This extrapolation allows to assess easily the seasonal performance of the system. In 
addition it takes into account the weight of each tested day with respect to all the similar 
conditions that occur in a year. 
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4 Application of the procedure to a case study 
In this chapter, firstly are presented the test conditions applied in a case study. Secondly, 
the components and the operation modes of the hybrid systems under test are described. 
Finally all the results of the short dynamic test sequence are discussed and compared 
with the simulation results. 
4.1 Presentation of the case study 
The tested hybrid system is in a non-industrialized one obtained with the available 
components of the COSMO laboratory of Eurac. It consists of: 
• an electrically driven water to water compression heat pump; 
• a dry cooler as a heat rejection system; 
• two buffer storages connected in series with a volume of 500 and 1500 litres, 
respectively; 
• a solar field with flat plate solar collectors; 
• tree hydronic stations; 
• the controller (in this case it correspond to the laboratory controller). 
Referring to Fig. 53, all the components included in the system boundary (red dashed 
line) are physically present in the laboratory (pumps, valves, etc.). The components that 
are not included in the system boundary are simulated with the methods described in 
Chapter 3. Other additional details of the simulated components are reported following. 
 
Fig. 53: Layout and physical boundary of the tested system. 
 
This hybrid system uses the hydraulic module presented in Chapter 2 for transferring a 
certain quantity of thermal power from the condenser of the heat pump to the small 
storage. This is necessary in order to maintain the highest part of the storage at a certain 
temperature level for covering the DHW demand.  As an example of installation, the 
hydraulic module in subject can be usefully integrated in other two points of the tested 
system. These are indicated with a green dashed line in Fig. 53 and represent the DHW 
station and the Solar station, respectively. The first could be used for the instantaneous 
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production of DHW while the second for transferring the useful heat from the solar field 
to the storages.  
In Fig. 54 it is presented the energy flow chart of the tested system. This representation 
contains on the left part the traded energies used (electricity) while in the top and on 
the right part are presented the free available renewable energy sources and the building 
loads to cover, respectively. All the components that are included in the graph are 
connected according to the energy flows. In addition the electrical consumption of 
auxiliary devices are indicated with a blue circle. 
 
Fig. 54: Energy flow chart of the tested system in heating mode. 
Following it is described the operation modes of this hybrid system. These consist of seven 
working schemes that can be activated exclusively or simultaneously. The different 
schemes are related to the system operation and their activation occurs when different 
conditions on the variables controlled are met. 
Scheme 1: Space cooling with the heat pump 
 
During the summer season, the cooling 
demand of the building is covered by 
compression heat pump. In this 
configuration the evaporator of the heat 
pump extracts the heat (useful effect) from 
the distribution system while the condenser 
rejects the heat to the ambient air through 
the dry cooler. 
 
82 
   
 
 
Scheme 2: Space heating with the heat pump 
 
 
During the winter season, the heating 
demand of the building can be covered by 
compression heat pump if not enough 
thermal energy is available in the small 
storage for this purpose. In this 
configuration the evaporator of the heat 
pump extracts the heat from the ambient 
air by the dry cooler, while the condenser 
rejects the heat to the heat distribution 
system (useful effect).  
The schemes 1 and 2 are mutually exclusive. 
 
Scheme 3: Heating the small storage with the heat pump 
 
This scheme has the priority compared to 
the schemes 1 and 2. It is used in order to 
maintain a certain temperature level (40°C 
< T < 46°C) in the small storage for the DHW 
requests. 
It is active when enough thermal energy is 
not available from the sun, consequently 
the heat pump extracts the heat from the 
ambient air. 
 
Scheme 4: Space heating directly from the small storage 
 
If  enough thermal energy is available in the 
small storage (T > 46°C), due to an efficient 
heat transfer between two storages and 
high solar irradiation on the collectors field, 
the space heating demand can be covered 
directly using this energy stored with the 
activation of this scheme. 
Thus the schemes 1, 2, 3 and 4 results 
mutually exclusive. 
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Scheme 5: Domestic hot water request 
 
When there is a DHW draw off on the user 
side, this scheme is activated. In particular, 
the hot water of the small storage is used to 
heat instantaneously the fresh water 
available from the mains though a DHW 
station with a flat plate heat exchanger. 
This scheme excludes the scheme 4 and 7 
but can be activated at the same time with 
the other schemes. 
 
Scheme 6: Solar circuit 
 
The activation of this scheme occurs when 
there is an enough solar radiation and an 
opportunity temperature difference 
between the collector and the big storage. 
In fact, it consists on the activation of the 
pumps of the solar circuit in order to store 
the available heat from the sun into the 
storage tank.  
This scheme can be activated together with 
all the other schemes. 
  
Scheme 7: Heat transfer between the two storages 
 
This additional scheme is used with the aim 
to improve the heat transfer between two 
storages in order to collect the maximum 
solar thermal energy available from the 
collector field. 
It is activated when there is no request for 
SH, SC or DHW and an opportunity 
temperature difference between the two 
storages  
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 Climate test conditions 
For this case study the climate of Bolzano was considered. This particular sub-alpine 
climate is characterized by hard winter season and very hot summer. The annual profile 
of the ambient temperature and irradiance were presented in the paragraph 3.2.3.  
Six representative days were selected from a test reference year in order to perform a 
Short Dynamic Test Sequence. These are respectively the days N° 87, 163, 250, 253, 316 
and 327 of this year. In Fig. 55 are shown the profiles of the ambient temperature and 
irradiation on the collector surface during the short test sequence. The sequence starts 
after a preconditioning day which aim is to reach reasonable temperature levels in the 
store. In this case the last day of the sequence was used as a preconditioning day. So, the 
test starts with the ambient condition of the day N°253 (blue line in Fig. 55) and ends 
after the day N°253 (red line in Fig. 55) according to the conditions of each consecutive 
day. 
 
Fig. 55: Profiles of the ambient temperature and irradiation on the collector surface during the 
short test sequence. 
 Reference buildings description and loads 
In order to have reference space heating and cooling loads that must be satisfied in the 
laboratory by the tested system, the results of TRNSYS simulations of a building model 
were used. This model was developed in the previous work D.Bettoni [50] in which all 
details and assumption are presented. 
The building in subject is a single family house located in Bolzano with a high energy 
demand. This has a heated floor of 180 m2 divided equally on two floors. So, the heating 
(h) and cooling (c) loads are distinguished for the ground floor (gf) and the first floor (1f). 
The net volume of the building is around 600 m3, then the ratio between external surface 
and gross volume (S/V) is around 0.7 m-1. The external surfaces dimensions for each 
orientation and the thermal details of the envelop stratigraphy are summarised in 
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Appendix D, while other assumptions regarding internal gains, infiltration and ventilation 
are presented in D.Bettoni [50].  
 
Fig. 56: 3D picture of the building which loads were used in this study. 
The transmittance of external walls, floors and windows are included among the limits of 
the Italian norm specific for the climatic zone of Bolzano (zone E). Regarding the heating 
system this is a low temperature terminal and consists in radiant floor. Its stratigraphy is 
related to the commercial product ”Velta Calore”. This contains pipes immersed in 
concrete with insulation. The floor top layer is ceramic and wood respectively for the 
ground and for the first floor. 
                  
1f gf
System
m_sys
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Fig. 57: Stratigraphy of the radiant floor and scheme of the distribution system connected to a 
hydraulic junction. 
 
Generally, radiant heating floor has high thermal inertia due the thermal capacity of the 
floor structure and to the large quantity of water contained in the hydraulic circuit. This 
fact implies difficulty in the control strategy due the long delay time for thermal response 
of the room. In W.Grassi et al. [51] it is presented a simple but sufficiently accurate 
dynamic model of radiant system. The simulated transient response of the radiant floor 
is showed in Fig. 58. In this case it easy to notice the typical high time constant (τ ~ 2÷3 
hours) of the system with consequent long lag time for thermal response of the room. 
In this case study, the thermal capacity of the simulated heat distribution system is 
reduced to the thermal capacity of the hydraulic junction. The model of the radiant floor 
was reduced to a pure resistance model. As it is discussed in Haberl et al. [25] this 
assumption is necessary to avoid problems for the repeatability of the results of the short 
test sequence. This is due to the fact that the heat delivered on one day could be 
consumed in the next days of the sequence because of the thermal inertia typical of this 
distribution system. 
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Fig. 58: Temperature map in the floor structure (a) and transient temperature of the floor surface 
(b) in heating mode obtained through numerical simulations [51]. 
 
The thermal power of the radiant panel is calculated as a function of the delivery 
temperature. Four different equations were defined for the two floors and the modality 
of operation. This because the ground floor includes ceramic tiles while the first floor 
includes wood at the top layer. The equation are valid for a constant internal temperature 
in the winter season (20 °C) and in the summer season (24.5°C). This condition is 
respected by applying an system activation control as indicated previously. 
?̇?𝑄ℎ𝑒𝑒𝑟𝑟𝑐𝑐,𝑔𝑔𝑓𝑓 = −13.294 + 0.6186 ∙ 𝑇𝑇𝑖𝑖𝑐𝑐,𝑐𝑐𝑠𝑠 [𝑘𝑘𝑊𝑊𝑐𝑐ℎ] (4.1) 
?̇?𝑄ℎ𝑒𝑒𝑟𝑟𝑐𝑐,1𝑓𝑓 = −12.299 + 0.5314 ∙ 𝑇𝑇𝑖𝑖𝑐𝑐,𝑐𝑐𝑠𝑠 [𝑘𝑘𝑊𝑊𝑐𝑐ℎ] (4.2) 
?̇?𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓,𝑔𝑔𝑓𝑓 = 15.526 − 0.8026 ∙ 𝑇𝑇𝑖𝑖𝑐𝑐,𝑐𝑐𝑠𝑠 [𝑘𝑘𝑊𝑊𝑐𝑐ℎ] (4.3) 
?̇?𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓,1𝑓𝑓 = 14.6998 − 0.6764 ∙ 𝑇𝑇𝑖𝑖𝑐𝑐,𝑐𝑐𝑠𝑠 [𝑘𝑘𝑊𝑊𝑐𝑐ℎ] (4.4) 
The outlet temperature from the radiant panels of the two floors are calculated from the 
inlet temperature. The β parameter indicates the activation of the panel in the heating 
or cooling conditions. 
𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐,𝑔𝑔𝑓𝑓 = 𝑇𝑇𝑖𝑖𝑐𝑐,𝑔𝑔𝑓𝑓 + ?̇?𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓,𝑔𝑔𝑓𝑓 ∙ 𝛽𝛽𝑐𝑐,𝑔𝑔𝑓𝑓 − ?̇?𝑄ℎ𝑒𝑒𝑟𝑟𝑐𝑐,𝑔𝑔𝑓𝑓 ∙ 𝛽𝛽ℎ,𝑔𝑔𝑓𝑓 630 ∙ 𝑐𝑐𝑝𝑝   [°𝐶𝐶] (4.5) 
𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐,1𝑓𝑓 = 𝑇𝑇𝑖𝑖𝑐𝑐,1𝑓𝑓 + ?̇?𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓,𝑔𝑔𝑓𝑓 ∙ 𝛽𝛽𝑐𝑐,1𝑓𝑓 − ?̇?𝑄ℎ𝑒𝑒𝑟𝑟𝑐𝑐,1𝑓𝑓 ∙ 𝛽𝛽ℎ,1𝑓𝑓630 ∙ 𝑐𝑐𝑝𝑝  [°𝐶𝐶] (4.6) 
The water returns from the radiant panels to a hydraulic junction that was modelled with 
two nodes: 
𝑇𝑇𝑐𝑐𝑐𝑐𝑝𝑝,ℎ𝑗𝑗(𝑎𝑎) = 𝑇𝑇𝑐𝑐𝑐𝑐𝑝𝑝,ℎ𝑗𝑗(𝑎𝑎 − 1) ∙ �1 −𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠∗ − 𝑚𝑚𝑟𝑟𝑖𝑖𝑐𝑐,𝑓𝑓𝑝𝑝∗� + 𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐,𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠∗+ 𝑇𝑇𝑏𝑏𝑐𝑐𝑐𝑐,ℎ𝑗𝑗(𝑎𝑎 − 1) ∙ 𝑚𝑚𝑟𝑟𝑖𝑖𝑐𝑐,𝑓𝑓𝑝𝑝∗ [°𝐶𝐶] (4.6) 
𝑇𝑇𝑏𝑏𝑐𝑐𝑐𝑐,ℎ𝑗𝑗(𝑎𝑎) = 𝑇𝑇𝑏𝑏𝑐𝑐𝑐𝑐,ℎ𝑗𝑗(𝑎𝑎 − 1) ∙ �1 −𝑚𝑚𝑔𝑔𝑓𝑓∗ − 𝑚𝑚1𝑓𝑓∗ − 𝑚𝑚𝑟𝑟𝑖𝑖𝑐𝑐,𝑐𝑐𝑤𝑤𝑐𝑐∗� + 𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐,𝑔𝑔𝑓𝑓
∙ 𝑚𝑚𝑔𝑔𝑓𝑓
∗ + 𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐,1𝑓𝑓 ∙ 𝑚𝑚1𝑓𝑓∗ + 𝑇𝑇𝑐𝑐𝑐𝑐𝑝𝑝,ℎ𝑗𝑗(𝑎𝑎 − 1) ∙ 𝑚𝑚𝑟𝑟𝑖𝑖𝑐𝑐,𝑐𝑐𝑤𝑤𝑐𝑐∗ [°𝐶𝐶] (4.7) 
The mass (m*) are normalised by considering the control mass of the node. 
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Fig. 59: Profiles of the heating and cooling load of the building during the short test sequence. 
In Fig. 59 there are showed the instantaneous space heating �?̇?𝑄𝑆𝑆𝐻𝐻� and cooling demand 
of the building  �?̇?𝑄𝑆𝑆𝐶𝐶� adopted during the short test sequence. In this cases the maximum 
instantaneous heat demand does not exceed 10 𝑘𝑘𝑊𝑊𝑐𝑐ℎ. 
 
Fig. 60: DHW draw off profile adopted for each test day of the sequence. 
For this test sequence the same DHW draw off profile was adopted for each day. This is 
showed in Fig. 60. The correspondent amount of useful thermal energy that must be 
provided by the building is about 7 𝑘𝑘𝑊𝑊ℎ for each day. 
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 Heat pump 
The heat pump included in the tested system is the model WSHN-EE 31 of the Clivet 
Company. This model is an electric driven water to water compression heat pump which 
uses the refrigerant R-410 A as working fluid. The installed compressor is a scroll-type 
compressor without inverter, so the heat pump works in on/off mode. An electrical 
resistance as backup system it is not installed in this unit. The capacity of model results 
oversized with respect to the instantaneous loads that it has to cover. This lead  to short 
and frequent activations of the heat pump especially in cooling mode. 
 
Table 13: Main features of the heat pump that is included in the system. 
 
Fig. 61: Different operating conditions of an air source heat pump: heating mode (a) and cooling 
mode (b) 
In Fig. 61 are showed the real operating conditions of an air source heat pump in heating 
and cooling mode, respectively. Considering almost the same temperature of the air-
conditioned room (𝑇𝑇𝑐𝑐), it is important to notice how the temperatures of the air source 
change in these two cases: 𝑇𝑇𝑐𝑐 < 𝑇𝑇𝑐𝑐 in winter and 𝑇𝑇𝑟𝑟 > 𝑇𝑇𝑐𝑐 in summer. As it was described 
in the previous chapter the temperature difference between the two sources influence 
the temperatures (and the pressures) of the refrigerant during the condensation and 
evaporation phases. The higher the temperature difference is, the lower the 
performances of the heat pump are.  
Compression Heat Pumps  Clivet WSHN-EE 31 
Unit for radiant panels 
 
Heating capacity 9,42 kWth 
Declared COP  
(EN14511:2004; 30/35°C-10/X°C) 
5,1 
Cooling capacity 10,7 kWth 
Declared EER  
(EN14511:2004; 23/18°C-30/35°C) 
5,2 
Working fluid R-410 A 
Backup system No 
Compressor type Scroll without inverter 
On/Off mode 
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 Dry cooler 
The dry cooler is used as heat rejection system for the heat pump that uses the air as 
source/sink. This component consists of two fans and a heat exchanger with a bank of 
finned tubes. Its maximum heat rejection capacity is 21 𝑘𝑘𝑊𝑊𝑐𝑐ℎ. 
This component is not physically present in the laboratory and it is emulated with the 
laboratory circuits as it is described in Appendix C.  
A model of a dry cooler was defined. The thermal power is calculated as a function of the 
air temperature and the inlet temperature. Two different equations were defined for the 
heat rejection and the heat extraction, respectively. These are: 
?̇?𝑄𝐷𝐷𝐶𝐶,𝑒𝑒𝑥𝑥𝑐𝑐𝑟𝑟 = 1.3987 − 0.6416 ∙ 𝑇𝑇𝑖𝑖𝑐𝑐,𝑐𝑐𝑐𝑐 + 0.622 ∙ 𝑇𝑇𝑟𝑟𝑚𝑚𝑏𝑏 [𝑘𝑘𝑊𝑊𝑐𝑐ℎ] (4.7) 
?̇?𝑄𝐷𝐷𝐶𝐶,𝑟𝑟𝑒𝑒𝑗𝑗 = −(19.1493 − 1.6325 ∙ 𝑇𝑇𝑖𝑖𝑐𝑐,𝑐𝑐𝑐𝑐 + 1.0396 ∙ 𝑇𝑇𝑟𝑟𝑚𝑚𝑏𝑏) [𝑘𝑘𝑊𝑊𝑐𝑐ℎ] (4.8) 
The considered  thermal power depends on the scheme that activates the air unit. 
For estimating the electrical consumptions of the fans simplified equations were used 
that relate these ones proportionally to the heat extracted/rejected from/to the air.  Ẇel,fan = k ∙ ?̇?𝑄𝑐𝑐ℎ [𝑘𝑘𝑊𝑊𝑒𝑒𝑓𝑓]   (4.9) 
In the previous equation it is important to distinguish whether the operation condition is 
in winter or summer: the thermal power exchanged by the dry-cooler ?̇?𝑄𝑐𝑐ℎ is the thermal 
power transferred from the air to the evaporator if the heat pump works in heating mode 
or it is the heat rejected from the condenser to the air if the heat pump works in cooling 
mode. The coefficient k is equal to 0.03 or 0.01, respectively. 
 
Fig. 62: Picture of the dry cooler included in the tested system 
 Solar field 
The solar field included in the system consists of a forced convection system equipped 
with eight flat plate collectors, four connected in series and these two series connected 
in parallels. The gross collector surface results in 16 𝑚𝑚2. These collectors are orientated 
to South with a tilt angle of 30°. 
Because it is difficult to physically install the collector field and to achieve reproducible 
working conditions it is simulated with the model presented in Chapter 3. A dedicated 
laboratory circuit that includes a thermoregulator it is used to reproduce it behaviour 
during the test. All the details of the collector field and the property of the solar collector 
components are reported in Table 14 and Table 15, respectively. 
Table 14: Details of the solar field 
Collectors type Flat plate Area 16 m2 
Configuration 4 series, 2 parallels Slope 30° 
Modules 8 Orientation South 
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Fig. 63: Scheme of the hydraulic connections of the solar field 
 
Table 15: Dimensions and property of the solar collector components. 
Gross area 2,253 [m2] number of glass 
covers 
2  
Aperture area 2,025 [m2] trasmittance τ 90  
Absorber area 1,907 [m2] glass dimension  2072 x 1032 x 3,2 [-] 
Length 2108 [mm] back side insulation 
material 
mineral wool 
laminated with 
black glass fleece 
 
Width 1069 [mm] insulation thickness 50 [mm] 
Height 94 [mm] material frame aluminium  
Material of 
absorber 
aluminium  back board 
material 
aluminium  
Absorber thickness 0,40 [mm]    
Absorptance α 0,95 [-]    
Emittance ϵ 0,05 [-]    
Coefficients of the efficiency equation 
based on aperture area Aa η0a=0,753 a1a=3,533 a2a=0,010 
based on absorber AA η0A=0,799 a1A=3,750 a2A=0,010 
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4.2 Test results 
The following results were obtained by a check test performed in order to verify if the 
solutions adopted to simulate the components are suitable and if the laboratory controller 
works as it should. In order to verify the mutual conformity the comparison between test 
results and the TRNSYS simulation results is inspected. The results of the last three days 
are a bit different because of some problems that occurred during the laboratory test. 
 Space heating and cooling load 
The method adopted for simulating the space heating and cooling demand of the building, 
results rather accurate. In Fig. 64 and Fig. 65 are showed the thermal and electrical 
energy measured during the test and the ones evaluated from the TRNSYS simulation. 
Neglecting the differences for the space cooling thermal and electrical energy, the results 
for the space heating are in a good agreement. With referring to the method described 
in Chapter 3 for simulating the building during the test, in this case the energy threshold 
was fixed equal to 3 𝑘𝑘𝑊𝑊ℎ. So the system was activated each time that the same amount 
of energy had been lost by the building. 
Only one question requests to modify the method adopted. Observing Fig. 59, there is no 
space cooling demand in the 6th day of the sequence, while thermal energy was spent in  
the 6th day of the sequence for space cooling according to Fig. 64. This because when the 
energy threshold was exceeded, the correspondent load was satisfied in the first hours of 
the 6th day. Considering now a test sequence in which there is a space heating or cooling 
request at the end of the last day of the test sequence, the correspondent cumulative 
thermal energy that it is not provided by the system during that day will be neglected. 
The higher the energy threshold is, the greater neglected energy is. 
 
Fig. 64: Thermal energy measured for space heating/cooling VS simulation results for each single 
test day.  
Therefore, for a better counting of the energy provided by the system, it could be 
reasonable setting the energy request in advance or imposing to the system to provide 
the same amount of energy that it is requested by the building within the end of each 
test day. 
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Fig. 65: Electrical energy measured for space heating/cooling VS simulation results for each single 
test day.  
 
Observing Fig. 65 it is possible to deduce that the method adopted to calculate the 
consumed electrical energy by the dry cooler during the test is rather accurate. 
 
 
 Domestic Hot Water (DHW) load 
For what concerns the DHW request, during the test it was imposed to satisfy it with 
useful thermal power (hot water at T>40°C). So, the draw off was stopped as soon as the 
same amount of useful thermal energy was extracted from the small storage. In addition 
it was measured the amount of not useful thermal energy (hot water at T<40°C) that it is 
loss for supplying the useful heat. As it is showed in Fig. 68 the entity of this quantity is 
not negligible, and depends on one side on the thermal losses of the circuit from the 
storage to the delivery point, on the other side it depends on the temperature of the 
water in the upper part of the small storage. This is also a consequence of the time range 
between consecutive draw offs. If some draw offs occur in a short time, the small storage 
will be quickly discharged. If it is not yet re-charged by the heat pump, more not useful 
heat will be loss in the further draw off. The TRNSYS simulation does not take into account 
these losses.  
During this test, the scheme 3 for charging the small storage with the heat pump was 
activated when the temperature of the water at the top of the small storage was reduced 
lower than 40°C while it was stopped when this temperature reached 46°C. In Fig. 66 it 
is showed how the upper part of the small storage is maintained over 40°C and the effect 
of the storage discharge after each draw off.  
Maybe, this amount of energy losses can be reduced if the lower value of this hysteresis 
it is increased by a couple of degrees at the expense of more frequent switching on of 
the heat pump. 
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Fig. 66: Effect in the de-stratification inside the small storage during the DHW draw off (SC5) in 
the 3th day of the sequence. 
 
The difference between the useful thermal energy provided by the system and the 
simulated one in Fig. 68 maybe is due to the high value of the flow rate that was assumed 
to 3000 l/h for each draw off. When the controller sends the signal to stop the hot water 
supply, a bit delay occurs in switching off the pump and in closing the valve of this circuit. 
Therefore, maybe this difference could maybe be reduced by decreasing the value of the 
flow rate in each draw off. 
 
 
Fig. 67: DHW draw off profiles between the hours 8-9 of the 5th test day of the sequence. 
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Fig. 68: Thermal energy measured for DHW VS simulation results for each single test day. 
 
 
Fig. 69: Electrical energy measured for DHW VS simulation results for each single test day. 
 
From Fig. 69 it is possible to notice the big quantity of the electrical energy that was 
consumed during the test with respect to the same simulated quantity. This occurs 
because of two reasons. The first concerns the additional heat losses presented above for 
supplying useful heat. The second will be discussed in the next paragraph and concerns 
the failed collection of useful heat from the solar field. Therefore, almost all the amount 
of thermal energy for covering the DHW demand and thermal losses of the storage was 
furnished during the test only by the heat pump. This results in larger electrical energy 
spent for DHW production with respect to the simulated case.    
 Solar source 
In this part it is described the behaviour of the collector field with the annexed big 
storage. As it is showed in Fig. 70 after the contribution of the useful solar heat from the 
solar field (SC6) a temperature stratification inside the big storage occurs. This is a 
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consequence of a water property:  its density decreases with increasing the temperature. 
So, as because of the buoyancy forces the hot water (lightweight) tends to move at the 
top of the storage while the cold water (weighty) gets down in the bottom. As a 
consequence of thermal losses to the outside continually there is an internal recirculation 
due to the natural convection heat transfer phenomenon. In order to avoid the mixing 
between hot and cold water, the most efficient storage tanks are equipped by a stratifier. 
In this case study, the lack of this component inside the two storages leads to additional 
heat losses. 
 
Fig. 70: Effect of the stratification inside the big storage during the activation of the solar scheme 
(SC6) during the 3th day of the sequence. 
 
During this test sequence a non negligible problem occurred in the collection of the useful 
solar heat. In Fig. 71 it is showed the comparison between the solar thermal energy 
collected during the test with respect to the analogous collected from the TRNSYS 
simulation. It is easy to see that much less thermal energy is collected during each testing 
days. 
This is due to the fact that, nearly always, after each activation the scheme 6 was 
instantaneously deactivated. This scheme, that is used for collecting the useful heat from 
the solar field into the big storage, starts when some conditions are verified:  
• there is a sufficient amount of incident solar irradiance on the solar collector 
(𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓 > 150 𝑊𝑊/𝑚𝑚2); 
•  the outlet temperature of the collector field is higher 7°C than the temperature in 
the bottom part of the big storage �𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐_𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓_𝑠𝑠𝑖𝑖𝑚𝑚 > 𝑇𝑇𝑏𝑏𝑠𝑠𝑏𝑏𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜𝑚𝑚 + 7°𝐶𝐶�; 
•  the top part of the storage is at a temperature less than 87 °C (in order to limit the 
stagnation problem).  
 
On the other side this scheme is deactivated when: 
• the incident solar irradiance on the solar collector is less than 100 𝑊𝑊/𝑚𝑚2; 
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• the outlet temperature of the collector field is lower 3°C than the temperature in the 
bottom part of the big storage �𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐_𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓_𝑠𝑠𝑖𝑖𝑚𝑚 < 𝑇𝑇𝑏𝑏𝑠𝑠𝑏𝑏𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜𝑚𝑚 + 3°𝐶𝐶�; 
•  the top part of the storage is at a temperature higher than 92 °C. 
 
 
Fig. 71: Thermal energy collected from the solar field during the test VS simulation results. 
 
 
Fig. 72: Hydraulic scheme of the solar circuit. 
At this point, with referring to Fig. 72 and Fig. 73 it possible to clarify what happens in 
the solar circuit. At the first hours in the morning when the storage is discharged, the 
temperature in the bottom of the storage and at the inlet in the solar collector field are 
closest. When there is a sufficient solar irradiation, the collector field stores the heat 
through its capacity. When 𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐_𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓_𝑠𝑠𝑖𝑖𝑚𝑚 > 𝑇𝑇𝑏𝑏𝑠𝑠𝑏𝑏𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜𝑚𝑚 + 7°𝐶𝐶 the useful solar heat is 
transferred from the collector to the storage (SC6 is activated). After this, the 
stratification and the return cold water after each DHW draw off (SC5) increase the 
temperature drop between the water at the level of the sensor 𝑇𝑇𝑏𝑏𝑠𝑠_𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚 and the water 
at the outlet port  of the storage towards the collector field. Therefore, the water that 
goes into the collector field is much colder than the measurement of the sensor 𝑇𝑇𝑏𝑏𝑠𝑠_𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚. 
As a consequence of this fact, after each activation of the scheme SC6, the outlet 
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simulated temperature of the collector enormously decreases to below the limit 
𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐_𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓_𝑠𝑠𝑖𝑖𝑚𝑚 < 𝑇𝑇𝑏𝑏𝑠𝑠𝑏𝑏𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜𝑚𝑚 + 3°𝐶𝐶. This results in continuous activation and consequent 
deactivation of the scheme SC6 collecting much less solar energy than it might be 
collected. This effect does not occur in the TRNSYS simulations. 
 
Fig. 73: Temperature profile in the bottom of the big storage and in the solar collector field. 
An additional cause due to the fact that the solar collector model adopted when the 
scheme SC6 is activated, consists of a steady state model neglecting the inertial effects 
of the solar collector. For this reason the simulated outlet temperature of the solar 
collector �𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐_𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓_𝑠𝑠𝑖𝑖𝑚𝑚� instantaneously drops from the peak-to-valley value.  
In order to improve the simulation of the collector field it is suggested to: 
• impose a fixed time interval of activation of this scheme at the beginning of each 
activation; 
• decrease the hysteresis temperature limits that controls the activation of this scheme; 
• adopting a quasi-dynamic model of the solar collector also during the activation of 
this scheme that takes into account the capacitive effects. For each following time 
step the outlet simulated temperature step of the collector field can be calculated 
as: 
𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐,𝑐𝑐𝑐𝑐𝑓𝑓,𝑖𝑖+1 = 𝑇𝑇𝑖𝑖𝑐𝑐,𝑐𝑐𝑐𝑐𝑓𝑓,𝑖𝑖 + ƞ𝑖𝑖 ∙ 𝐼𝐼𝑇𝑇𝑐𝑐𝑐𝑐𝑓𝑓,𝑖𝑖 ∙ 𝐴𝐴𝑐𝑐𝑐𝑐𝑓𝑓?̇?𝑚𝑐𝑐𝑐𝑐𝑓𝑓,𝑖𝑖 ∙ 𝑐𝑐𝑝𝑝 − �𝑇𝑇𝑚𝑚,𝑖𝑖 − 𝑇𝑇𝑚𝑚,𝑖𝑖−1� ∙ 𝐶𝐶𝑐𝑐𝑐𝑐𝑓𝑓/𝛥𝛥𝑎𝑎?̇?𝑚𝑐𝑐𝑐𝑐𝑓𝑓,𝑖𝑖 ∙ 𝑐𝑐𝑝𝑝  [°𝐶𝐶]  (4.10) 
For what concerns the storage model adopted in TRNSYS simulation, this could be 
improved for taking into account these effects. 
 
 Air source 
As a consequence of the problem occurred in the solar scheme, the big part of thermal 
energy for DHW preparation was covered by the air source through the heat pumps. As a 
consequence, the thermal energy that was extracted from the air is greater than the 
simulation results as it is showed in Fig. 74. 
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Fig. 74: Thermal energy extracted/rejected from/to the air during the test VS simulation results. 
 
 
Fig. 75: Duration of the activation of the heat pump (HP) and of the solar circuit (SC) VS simulation 
results.  
Finally in Fig. 75 it is possible to note the different duration of activation of the heat 
pump (HP) and of the solar circuit (SC) comparing the test results with respect to the 
simulated case. 
 
 System operation 
In this paragraph, the working conditions of the heat pump during the three days of winter 
test are investigated. In particular, the attention is focused on the behaviour and the 
inertial effect that involves the heat pump and the laboratory circuit which it is 
connected. During, the first three test days (winter) four different transitional phases 
occur during the working conditions of the heat pump: 
• Switching on for space heating; 
• Switching from space heating to domestic hot water preparation; 
• Switching on for domestic hot water preparation; 
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• Switching from domestic hot water preparation to space heating; 
These working conditions occur according to the control strategy and the control signals 
for space heating request or domestic hot water preparation. At this point it is important 
to highlight the temperature levels of the sources in each side of the heat pumps: 
• in the evaporator, the average temperature of the water/glycol mixture depends on 
the value of the external ambient temperature (the average temperature of the 
refrigerant during the evaporation phase is lower than this value for having heat 
transfer from the brine mixture to the refrigerant); 
• in the condenser, on one side the average temperature of the water depends on the 
weather based control strategy during the space heating mode (28÷33°C). On the 
other side, during the domestic hot water preparation this value depends on the 
return temperature from the small storage (40°C) and increases during the re-charge 
phase (the average temperature of the refrigerant during the condensation phase is 
higher than this value for having heat transfer from the refrigerant to the water). 
Therefore, the performances of the heat pump are affected by all of this different 
dynamic working conditions. Observing Fig. 76, considering constant the average 
temperature on the source side (evaporator), the performances of the heat pump 
decrease enormously passing from space heating to DHW preparation. This because of the 
higher temperature drop between the sources at the condenser and at the evaporator. In 
particular during the re-charge phase of the small storage a very stationary condition it 
is not ever reached. This occurs because in charging the storage, the temperature of the 
inlet water in the condenser increases. 
The temperature and the pressure gap between the condenser phase and evaporation 
phase of the refrigerant increases by increasing the temperature gap of the sources. This 
leads to a greater work to spend during the compression phase that corresponds to a 
greater electric consumption of the electrical engine that drives the scroll compressor.    
 
Fig. 76: Temperature profiles in the condenser and the evaporator of the heat pumps (water side) 
switching from space heating scheme to DHW preparation (primary axis). In the secondary axis it 
is plotted the instantaneous electrical consumption of the heat pump during this two phases. 
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For what concerns the performance of the heat pump, its coefficient of performance 
(COP) was assessed by the ratio between the averaged useful effect at the condenser 
(collected on the water side) with respect to the averaged electric input to the 
compressor. 
In Fig. 77 it is showed a frequency distribution of the values that the COP respectively 
assumes in all the dynamic working conditions that were verified during the operations in 
space heating mode or DHW production mode. In this case the COP is calculated adopting 
in the average a time interval of one minute. The almost instantaneous COP has a typical 
normal distribution spanning between 0 to 6 with a peak around 3.6 in space heating 
mode (SH) and around 2.4 in DHW production. As a consequence of the transients, a 
significant amount of values are below 2. With a time interval of this entity it is possible 
to verify how much are degraded the performance of the machine during each dynamic 
condition. 
 
Fig. 77: Coefficient of performance of the heat pump in space heating (SH) and DHW preparation 
(DHW) with a time average of one minute. 
 
Fig. 78: Coefficient of performance of the heat pump in space heating (SH) and DHW preparation 
(DHW) with a time average of ten minute. 
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In Fig. 78 it is showed the frequency distribution of the values that the COP assumes by 
adopting in the average a time interval of ten minutes. With a time filter of this entity it 
is possible to includes all the transient phase in the average both for the useful effect 
and the electrical input. This averaged COP has a distribution spanning between 1.8 to 
4.5 with a peak around 3.6 in space heating mode (SH) and around 2.1 in DHW production. 
The peaks assume lower values with respect the previous case because in the average 
there is the weight of the lowest COP values. 
In order to evaluate the degradation of the useful effect during the transients a 
penalisation factor was defined. Considering the data averaged with a time interval of 
ten minutes, it is expressed as the ratio of the COP during each transient and the COP 
obtained in the followed steady state condition: 
𝐹𝐹𝑝𝑝 = 𝐶𝐶𝐶𝐶𝑃𝑃𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑠𝑠𝑖𝑖𝑒𝑒𝑐𝑐𝑐𝑐
𝐶𝐶𝐶𝐶𝑃𝑃𝑠𝑠𝑐𝑐𝑒𝑒𝑟𝑟𝑐𝑐𝑠𝑠 𝑠𝑠𝑐𝑐𝑟𝑟𝑐𝑐𝑒𝑒 [−]  (4.11) 
 
Table 16: Value of the penalisation factor during the different operating conditions of the heat 
pump. 
𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶 𝑭𝑭𝑶𝑶 [−] 𝑺𝑺𝑺𝑺(𝑭𝑭𝑶𝑶) 
Switching on for space heating 0.87 0.073 
Switching from domestic hot water preparation to space heating 1.09 0.095 
Switching on for domestic hot water production 0.78 0.09 
Switching from space heating to domestic hot water preparation 0.86 0.075 
 
The average value of the penalisation factor for each operating condition of the heat 
pump is summarised in Table 16. Its values show that interesting phenomenon occurs 
during the transient due to the inertial effect that involves both the condenser of the 
machine and the laboratory circuit.  
The switching on for space heating and for domestic hot water production are always the 
most penalised. This because a certain time it is request for heating the heat exchanger 
and the water circuit. This penalisation is higher for domestic hot water production 
because of the temperature level of the water in this mode. 
Switching from domestic hot water preparation to space heating, the laboratory circuit 
and the heat exchanger are at a temperature level that is higher than it is requested. So, 
as a consequence of the heat that was stored during the previous phase during this 
transient there is a greater useful effect with respect to the relative steady state 
conditions. This results in a value of the 𝐹𝐹𝑝𝑝 > 1.     
Finally, switching from space heating to domestic hot water preparation there is a less 
penalisation (~of the useful effect in the transient because of the fact that the circuit 
and the heat exchanger are partially conditioned. 
Considering the results obtained adopting in the average a time interval of one minute. 
The COP distribution is a consequence of the distribution of the electrical power and of 
the thermal power measured, respectively. The electrical power is limited between 1.6 
and 2.1 kW and between 2.4 and 2.9 kW for space heating and DHW production, 
respectively, with a narrow distribution (Fig. 79). On the other side the thermal power at 
the condenser varies between 0 and 10 kW and presents a wider distribution than the 
electrical power (Fig. 80). 
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Fig. 79. Distribution of the electrical powers in space heating and DHW production. 
 
 
Fig. 80: Distribution of the thermal powers in space heating and DHW production. 
 
In Fig. 81 there are showed the temperature profiles on the water side when the heat 
pump works for space cooling in the fifth day of the sequence. Because of the low entity 
of the space cooling load and the fact that the heat pump is oversized for this application, 
numerous transients (switch ON and OFF) of short duration (5 min) affect the machine 
operation. As a consequence, these degrade more the overall performance than in the 
winter case. 
Fig. 82 reports the EER frequency distributions obtained from the short test sequence. It 
is showed that the EER varies between 0 and 6.9. It is important to note that a non 
negligible quantity of its values are lower than 3. This is due to the presence of short 
switching on, with an overall duration that includes only the initial transient phase. So, a 
comparison of the performance between the transient and the steady state phases is not 
possible. 
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Fig. 81: Temperature profiles in the condenser and the evaporator of the heat pumps (water side) 
in space cooling mode (primary axis). In the secondary axis it is plotted the instantaneous electrical 
consumption of the heat pump. 
 
 
Fig. 82: Energy efficiency ratio of the heat pump in space cooling mode (SC) with a time average 
of one minute. 
 
Also in this case the EER distribution is a consequence of the distribution of the electrical 
power and of the thermal power measured. The electrical power is limited between 1.4 
and 2.6 kW a with a narrow distribution (Fig. 83). On the other side the thermal power at 
the evaporator varies between 0 and 10 kW and presents a wider distribution than the 
electrical power (Fig. 84). 
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Fig. 83: Distribution of the electrical power in space cooling mode. 
 
Fig. 84: Distribution of the thermal power in space cooling mode. 
 
In conclusion, this analysis has allowed to inspect two main points of the overall dynamic 
operation condition of the system. On one side, it was highlighted the entity of the 
degradation of the instantaneous COP by adopting in the average a time interval of one 
minute. On the other hand, adopting in the average a time interval of ten minutes it was 
possible to compare the overall degradation during a transient with respect to steady 
state working conditions. 
In in space cooling mode, the heat pump operation is characterized by numerous 
transients of short duration that have a stronger impact on the performance than in the 
winter case. The steady state working conditions are not ever achieved. Therefore, these 
results show how much a non-correct sizing of a solar heat pump system leads to a 
degradation of its overall performance. 
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5  Conclusions 
The human being has always used natural resources to facilitate its existence and improve 
his comfort. Now, the intensive use of these resources leads on one hand to a temporary 
improvement of life, on the other hand to irreversible damage to the environment. By 
improving technologies that use renewable source it is possible to limit these negative 
effects without compromising the comfort.  
Renewable sources are not limited by geopolitical problems and could contribute in the 
energy independence of that countries that cannot benefit of own fossil sources. Also for 
this reason, the energy policy of some European government is strongly addressed in the 
promotion and research of system that use renewable energy source. 
For what concern the residential sector, the best approach to limit the primary energy 
consumptions is in increasing the awareness of people in energy savings and the energy 
efficiency. However, hybrid system that includes a heat pump and a solar collector field, 
can help in reducing the bills cost covering both space heating/cooling and domestic hot 
water demand. 
Because of the complexity of these systems, a common reason of their malfunction or 
degradation of performances is due to the errors committed during the installation phase. 
So, it is recommend to produce these systems as compact pre-fabricated units, or to 
produce pre-fabricated module for connecting the main components. This in order to 
reduce to a minimum the work of the installer on site and thus the possibility of 
installation errors. 
Moreover, as it was discussed in the Chapter 1, many models of solar assisted heat pump 
systems are available in the market nowadays. However, for the widest diffusion of this 
technology, the end user must be able to compare the seasonal performance of these 
systems to traditional heating systems in a simple as possible manner.  
Therefore, three main requirements are perceived by institutions, end users, 
manufacturers and researchers: 
• the energy consumption metering for each single building; 
• the industrialisation of complex hybrid systems; 
• the standardisation of laboratory test procedures for the assessment of the system 
performance, as a whole. 
In the recent years, the Institute for Renewable Energy of EURAC has focused its research 
on these aspects. On the one hand, with the design of an innovative hydraulic module 
that can be included in an energy management network, on the other hand with the 
development of dynamic test procedures at component level and at a system level.  
The first part of this work summarises the results of the commissioning test performed on 
the first prototype of the hydraulic module. In particular the attention was focused on its 
thermal characterisation and on the assessment of the uncertainty in the measurements 
of flow rate, fluids temperatures and thermal powers. The test results allowed to define 
some measures for improving the performance of this device as a heat meter: 
• the installed vortex flow meter does not measure flow rates lower than 400 l/h that 
correspond to a velocity of 0,23 m/s of the flow.  In order to measure lower draw offs 
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it was suggested to install in the future models vortex flow meters with reduced 
diameter. This because, fixed the volumetric flow rate by reducing the cross surface 
it is possible to have higher velocity of the flow but at the expense of higher pressure 
losses. In addition, this fact decreases the overall uncertainty in the thermal power 
measurement. 
• the assessment of the bulk temperature of the flowing fluid indirectly from the pipe 
surface temperature resulted accurate enough. The experimental correlation that was 
found from measured data covers all the working conditions of the hydraulic module. 
For what concerns the Short Dynamic test sequence, several aspects were analysed and 
the method adopted to reproduce close-to-reality boundary conditions was shown. In 
addition, the spectral analysis has allowed to confirm that, the frequency of the dominant 
boundary conditions forcing  systems that use renewable source corresponds to a period 
of 24 hours. Moreover, this analysis has given information on the time constant of storage 
tanks.  
A first check test of a whole hybrid system was run for a short test sequence of six days. 
On the one hand, this allowed to characterise the behaviour of some components. On the 
other hand it has permitted to identify some points that could improve the test 
performance in the future. 
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7 Appendix A: Available standards for the performance 
assessment of thermal systems 
 
Table 17: Avaiable standards for the assessment of the COP/EER, the SCOP/SEER and SPF. 
Standard Title Status 
Standard for the assessment of the COP/EER 
AHRI 320 Water-Source Heat Pumps 1998 
AHRI 325 Ground Water-Source Heat Pumps 1998 
AHRI 330 Ground Source Closed-Loop Heat Pumps 1998 
ANSI / 
ASHRAEE 37 
Methods of Testing for Rating Electrically Driven Unitary Air-Conditioning 
and Heat Pump Equipment 
2009 
DIN 33830-4 HP, absorption HP units; performance and operational tests 1988 
EN 12309-2 Gas-fired absorption and adsorption air conditioning and/or HP appliance 
with a net heat input not exceeding 70kW – Part 2: Rational use of energy 
2000 -UR 
EN 14511 Air conditioners, liquid chilling packages and HP with electrically driven 
compressors for SH and SC 
2011 
JIS B 8622 Absorption refrigerating machines 2009 
Standard for the assessment of the SCOP/SEER 
AHRI 560 Absorption water chilling and water heating packages 2000 
ANSI/ASHRAEE 
182 
Method of testing absorption water chilling and water heating packages 2008 
EN 16147 HP with electrically driven compressor – testing and requirements for 
marking for DHW units 
2011 
EN 14825 Air conditioners, liquid chilling packages and HP with electrically driven 
compressor for SH and SC- Testing and rating at part load conditions and 
calculation of seasonal performance 
2012 -UR 
EN 12309-6 Gas-fired absorption and adsorption air conditioning and/or HP appliance 
with a net heat input not exceeding 70kW – Part 6: Calculation of 
seasonal performance 
2000 -UR 
Standard for the assessment of the SPF 
VDI 4650-1 Calculation of HP- Simplified method for the calculation of the SPF of HP- 
electric HP for SH and DHW 
2009 
VDI 4650-2 Simplified method for the calculation of the annual coefficient of 
performance and the annual utilization ration of sorption heat pumps- gas 
HP or SH and DHW 
UD 
EN 15316-4-2 Heating systems in buildings- Method for calculation of system energy 
requirements and system efficiencies – Part 4-2 SH generation systems, 
HP systems. 
2008-UR 
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Table 18: Standards that can be applied for component and solar combi-system testing. 
Standard Title Status 
Solar thermal collectors 
ISO 9806-1/2 Test methods for solar collectors - Part 1: Thermal performance of glazed 
liquid heating collectors including pressure drop Part 2: Qualification test 
procedures 
1994 
ISO 9806-3 Test methods for solar collectors - Part 3: Thermal performance of 
unglazed liquid heating collectors (sensible heat transfer only) including 
pressure drop. 
1995 
EN 12975-2182 Thermal solar systems and components. Solar collectors. Test methods. 2006 
ASHRAE 93 Methods of Testing to Determine the Thermal Performance of Solar 
Collectors. 
2010 
Storage tanks, Solar combistores, Contol equipment  
EN 12977-3 Thermal solar systems and components - Custom built systems - Part 3: 
Performance test methods for solar water heater stores 
2012 
EN 12977-4 Thermal solar systems and components - Custom built systems - Part 4: 
Performance test methods for solar combistores 
2012 
EN 12977-5 Thermal solar systems and components - Custom built systems - Part 5: 
Performance test methods for control equipment 
2012 
Solar thermal systems 
EN 12976-2 Thermal solar systems and components - Factory made systems - Part 2: 
Test methods 
2012 
EN 12977-2 Thermal solar systems and components. Custom built systems - Part 2: 
Test methods for solar water heaters and combisystems 
2012 
ISO 9459-5 Solar heating – domestic water heating systems – Part 5: System 
performance characterization by means of whole-system tests and 
computer simulation 
2007 
EN 15879-1  Testing and rating of direct exchange ground coupled heat pumps with 
electrically driven compressors for space heating and/or cooling ― Part 1: 
Direct exchange-to-water heat pumps 
2011 
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8 Appendix B: Uncertainty analysis 
8.1 Theoretical analysis 
The uncertainty analysis is a generally accepted procedure for characterising the quality 
of the result of a measurement. It allows to estimate how great effects the uncertainties 
in the individual measurements have on the calculated result. Uncertainty of 
measurement arises from a number of sources. Alignment, repeatability, resolution, 
temperature and calibration are some common sources of uncertainty [52]. 
Besides its obvious role reporting results in publishing, this analysis provides the 
experimenter a rational way of evaluating the significance of the scatter on repeated 
trials. This can be a powerful tool in locating the source of trouble in a misbehaving 
experiment. In the following part it is briefly described the mathematical model and the 
law of propagation of uncertainty in measurements. 
 Calculation of the uncertainty in the direct measurement of a 
quantity 
Considering 𝑁𝑁 measured values in a multiple-sample experiment, the generic independent 
measured variable 𝑥𝑥 can be evaluated in the following way: 
𝑥𝑥 = 𝑥𝑥�  ± 𝑇𝑇(𝑥𝑥) = ?̅?𝑥   ± Ɛ(𝑥𝑥) (7.1) 
with: 
• average value (the best estimate of  the 
measurand): 
 
?̅?𝑥  = 1
𝑁𝑁
�𝑥𝑥𝑖𝑖
𝑁𝑁
𝑖𝑖=1
 
(7.2) 
• absolute uncertainty: 𝑇𝑇 (𝑥𝑥) = �𝑇𝑇𝐴𝐴(𝑥𝑥)2 + 𝑇𝑇𝐵𝐵(𝑥𝑥)2          (7.3) 
• relative uncertainty: 
Ɛ(𝑥𝑥) =  𝑇𝑇(𝑥𝑥)𝑥𝑥�  (7.4) 
The uncertainty in the result of a measurement generally consists of several components 
that may be grouped into two categories according to the way in which their numerical 
value is estimated. Both types of evaluation are based on probability distributions and 
the uncertainty components resulting from either type are quantified by variances or 
standard deviations. 
The Type A evaluation method uses the statistical analysis to evaluate the uncertainty of 
a series of observations: 
𝑇𝑇𝐴𝐴(𝑥𝑥) = �∑ (𝑥𝑥𝑖𝑖 − ?̅?𝑥)2𝑁𝑁𝑖𝑖=1𝑁𝑁(𝑁𝑁 − 1) =  𝜎𝜎(𝑥𝑥)√𝑁𝑁  (7.5) 
𝜎𝜎(𝑥𝑥) =  �∑ (𝑥𝑥𝑖𝑖 − ?̅?𝑥)2𝑁𝑁𝑖𝑖=1(𝑁𝑁 − 1)  (7.6) 
where 𝜎𝜎(𝑥𝑥) is the standard deviation of samples. 
 The Type A standard uncertainty is the standard deviation of the mean that quantifies 
how well the average of the measurements ?̅?𝑥  represents the “true” value of the 
measurand. The Type B evaluation method considers other observations than the 
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statistical analysis. It can be evaluated by scientific judgement based on all of the 
available information on the possible variability of 𝑥𝑥𝑖𝑖 such as: 
• previous measurement data; 
• experience with or general knowledge of the behaviour and properties of relevant 
materials and instruments; 
• manufacturer's specifications; 
• data provided in calibration and other certificates; 
• uncertainties assigned to reference data taken from handbooks. 
 Calculation of the uncertainty in the indirect measurement of a 
quantity 
In most cases, a measurand Y is not directly measured, but it is determined from m other 
quantities 𝑥𝑥1,𝑥𝑥2, … , 𝑥𝑥𝑚𝑚 through a functional relationship f: 
𝑑𝑑 = 𝑓𝑓(𝑥𝑥1, 𝑥𝑥2, … , 𝑥𝑥𝑚𝑚) (7.7) 
The standard uncertainty of 𝑑𝑑 is obtained by combining appropriately the standard 
uncertainties of the input estimates 𝑥𝑥1,𝑥𝑥2, … , 𝑥𝑥𝑚𝑚 as it will be described following. 
When the input quantities are correlated, the appropriate expression for the combined 
standard uncertainty 𝑇𝑇𝐶𝐶(𝑑𝑑) associated with the result of a measurement is: 
𝑇𝑇𝐶𝐶(𝑑𝑑) = ���𝜕𝜕𝑓𝑓𝜕𝜕𝑥𝑥𝑖𝑖�2 ∙ 𝑇𝑇2(𝑥𝑥𝑖𝑖)𝑚𝑚𝑖𝑖=1 + 2 � � �𝜕𝜕𝑓𝑓𝜕𝜕𝑥𝑥𝑖𝑖� �𝜕𝜕𝑓𝑓𝜕𝜕𝑥𝑥𝑗𝑗� 𝑇𝑇(𝑥𝑥𝑖𝑖, 𝑥𝑥𝑗𝑗)𝑚𝑚𝑗𝑗=𝑖𝑖+1𝑚𝑚−1𝑖𝑖=1  
(7.8) 
𝑟𝑟�𝑥𝑥𝑖𝑖 , 𝑥𝑥𝑗𝑗� = 𝑇𝑇(𝑥𝑥𝑖𝑖, 𝑥𝑥𝑗𝑗)𝑇𝑇(𝑥𝑥𝑖𝑖)𝑇𝑇(𝑥𝑥𝑗𝑗) (7.9) 
where  𝑥𝑥𝑖𝑖 and 𝑥𝑥𝑗𝑗 are the estimates of 𝑋𝑋𝑖𝑖  and 𝑋𝑋𝑗𝑗 and 𝑇𝑇�𝑥𝑥𝑖𝑖 , 𝑥𝑥𝑗𝑗� = 𝑇𝑇�𝑥𝑥𝑗𝑗 , 𝑥𝑥𝑖𝑖� is the estimated 
covariance associated with 𝑥𝑥𝑖𝑖   and 𝑥𝑥𝑗𝑗. The degree of correlation between 𝑥𝑥𝑖𝑖   and 𝑥𝑥𝑗𝑗 is 
characterised by the estimated correlation coefficient where 𝑟𝑟�𝑥𝑥𝑖𝑖 , 𝑥𝑥𝑗𝑗� = 𝑟𝑟�𝑥𝑥𝑗𝑗, 𝑥𝑥𝑖𝑖�, and 
−1 < 𝑟𝑟�𝑥𝑥𝑖𝑖, 𝑥𝑥𝑗𝑗� < 1. If the estimates 𝑥𝑥𝑖𝑖  and 𝑥𝑥𝑗𝑗 are independent, 𝑟𝑟�𝑥𝑥𝑖𝑖, 𝑥𝑥𝑗𝑗� = 0, and a change 
in one does not imply an expected change in the other. 
The partial derivatives  𝜕𝜕𝑓𝑓
𝜕𝜕𝑥𝑥𝑖𝑖
, often called sensitivity coefficients, describe how the output 
estimate 𝑑𝑑 varies with changes in the values of the input estimates 𝑥𝑥1, 𝑥𝑥2, … , 𝑥𝑥𝑚𝑚. 
Considering the whole expression, each term represents the contribution made by the 
uncertainty in one variable, 𝑇𝑇(𝑥𝑥𝑖𝑖), to the overall uncertainty in the result 𝑇𝑇(𝑑𝑑). 
In the case when all input quantities are independent, the evaluation of the combined 
standard uncertainty of the estimate y is reduced to: 
𝑇𝑇𝐼𝐼(𝑑𝑑) = ���𝜕𝜕𝑓𝑓𝜕𝜕𝑥𝑥𝑖𝑖�2 ∙ 𝑇𝑇2(𝑥𝑥𝑖𝑖)𝑚𝑚
𝑖𝑖=1
 (7.10) 
116 
  
 
8.2 Uncertainty assessment for temperature measurements 
 Temperature sensors calibration 
Because of the natural degradation of sensors due to harsh process conditions, self-
heating and other factors, it is necessary to verify their operation to have information 
about their accuracy or malfunctioning. The calibration of temperature sensors was done 
during the COSMO laboratory preparation before starting the experimental campaigns.  
The calibration procedure of a RTD (Resistance Temperature Detector) sensor consists of 
a operation that, under specified conditions, permits to establish a relationship  
between the measured electrical resistance values and the measured temperature values 
that are known thanks to a reference sensor. This because RTD is a temperature sensor 
that operates on the measurement principle based on the variation of the electrical 
resistance of a pure metal along with temperature.  
 
Fig. 85: Relative resistance/temperature characteristics for some pure metals [38]. 
This relationship consists of a continue function 𝑇𝑇 = 𝑓𝑓(𝑅𝑅) that generally is assumed linear 
for platinum RTD sensors because platinum has the most stable resistance-temperature 
relationship over the largest temperature range as it is showed in Fig. 85. 
                                                          
Fig. 86: Equipment used for temperature sensor calibration. 
The used equipment for calibrating the RTDs sensors consists of a Calibration Bath (FLUKE 
7320) with controlled temperature in which were inserted a reference platinum RTD Pt100 
calibrated by an accredited Laboratory and the sensor under test. The used fluid was 
demineralized water. For the data acquisition a dedicated LabVIEW program was used 
with a CompactRIO NI 9219 module as data acquisition system. 
For each test there were set four different values of temperature in the thermal bath for 
an enough time to reach stationary condition. These values were chosen considering the 
typical temperature operation range of each sensor and were set firstly in increasing 
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order and then in a decreasing one to verify the presence of thermal hysteresis 
phenomenon that was found to be negligible (e.g. 30°C, 0.5°C, 95°C, 60°C).  
For each sensor under test and the reference sensor, the resistance measures were 
acquired. The reference temperature values were obtained from the calibration curve of 
the reference sensor. This is expressed in the following form: 
𝑅𝑅(𝑇𝑇) = 𝑅𝑅0[1 + 𝐴𝐴 ∙ 𝑇𝑇 + 𝐵𝐵 ∙  𝑇𝑇2 −  100 ∙ 𝑇𝑇 ∙ 𝐶𝐶 + 𝐶𝐶 ∙ 𝑇𝑇4]                            [Ω]               (7.11) 
This equation is obtained from the typical relationship that links resistance and 
temperature for RTDs called Callendar–Van Dusen equations: 
     𝑅𝑅(𝑇𝑇) = 𝑅𝑅0 + 𝑅𝑅0 𝛼𝛼 �𝑇𝑇 −  δ � 𝑇𝑇100 − 1� � 𝑇𝑇100� − 𝛽𝛽 � 𝑇𝑇100 − 1�� 𝑇𝑇3100��                                        [Ω]                            (7.12) 
in which for T>0°C, 𝛽𝛽 = 0  and 𝐶𝐶 = 0. In this equation 𝑅𝑅0 is the reference resistance at 
0°C and 𝛼𝛼 is the temperature coefficient of resistance that describes the linear 
approximation of the resistance-temperature curve of metals:  
𝛼𝛼 = 𝑅𝑅100°𝐶𝐶 − 𝑅𝑅0°𝐶𝐶100 ∙ 𝑅𝑅0°𝐶𝐶  [°𝐶𝐶−1]   (7.13) 
𝑅𝑅(𝑇𝑇) = 𝑅𝑅0(1+ 𝛼𝛼 ∆𝑇𝑇) [𝛺𝛺] (7.14) 
In addition the quadratic formula can be used to solve for Temperature as a function of 
measured resistance with the following result: 
𝑇𝑇 = − 𝑅𝑅0𝐴𝐴 + �𝑅𝑅02𝐴𝐴2 − 4𝑅𝑅0𝐵𝐵(𝑅𝑅0−𝑅𝑅𝜕𝜕)2𝑅𝑅0𝐵𝐵  [°𝐶𝐶]   (7.15) 
In the Table 19 the coefficients of the calibration curve of the reference sensor are 
reported. These were supplied in its calibration certificate from an accredited calibration 
laboratory.  
Table 19: Coefficients of the calibration curve of the reference RTD Pt100. 
R0 A B C α 
[Ω] [1/K] [1/K2] [1/K4]  
99.911 3.912780 E-03 -5.848839 E-07 0 3.854350 E-3 
The resistance of the reference RTD Pt100 and of the laboratory sensors was measured 
with the 4-wires method while the resistance of the hydraulic module sensors was 
measured with the 2-wires method. In this case it is important to subtract the values of 
the two connecting wires in the evaluation of the resistance. In Table 19 it is reported 
the result of the resistance evaluation of a single wire for the Pt1000 RTD sensor. 
                       
Fig. 87: 4-Wires and 2-Wires connections for resistance measure with the data acquisition system 
[53]. 
 
 Table 20: Resistance evaluation of one connection wire of the Pt1000 RTD sensor. 
Length Diameter Cross-sectional area Resistivity Resistance 
𝐿𝐿 𝐷𝐷 𝐴𝐴 𝜌𝜌𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑒𝑒𝑟𝑟 𝑅𝑅 = 𝜌𝜌𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑒𝑒𝑟𝑟 ∙ 𝐿𝐿
𝐴𝐴
 
[m] [m] [m2] [Ω m] [Ω] 
1,5 0,0005 1,96 * 10-7 1,7 * 10-8 0,13 
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At this point it is fundamental the assessment of the uncertainty in temperature 
measurement due to the calibration procedure. This depends on the used calibration 
method, the uncertainty contribution of the reference sensor and the features of the used 
measuring equipment and the properties of the device under calibration. The 
contributions of these components are:  
• the uncertainty in the reference thermometer readings  𝑇𝑇𝜕𝜕𝑟𝑟𝑒𝑒𝑓𝑓 where: 
 𝑇𝑇𝜕𝜕𝑟𝑟𝑒𝑒𝑓𝑓,𝑓𝑓𝑖𝑖𝑐𝑐  is the uncertainty of the reference sensor reported in the calibration 
certificate. This value is due to its calibration procedure and it is reported as an 
extended uncertainty 𝑈𝑈𝜕𝜕𝑟𝑟𝑒𝑒𝑓𝑓,𝑐𝑐𝑟𝑟𝑓𝑓 = 0,01 °𝐶𝐶 with a coverage factor 𝑘𝑘 = 2, consequently 
the uncertainty is: 
𝑇𝑇𝜕𝜕𝑟𝑟𝑒𝑒𝑓𝑓,𝑓𝑓𝑖𝑖𝑐𝑐 = 𝑈𝑈𝑇𝑇𝑟𝑟𝑅𝑅𝑓𝑓,𝑐𝑐𝑟𝑟𝑓𝑓𝑘𝑘 = 0,005 [°𝐶𝐶]  
 𝑇𝑇𝜕𝜕𝑟𝑟𝑒𝑒𝑓𝑓,𝑟𝑟𝑒𝑒𝑝𝑝 represents the uncertainty due to the repeatability of measurements. This 
was evaluated as a type A uncertainty in which where assumed at least 30 
measurement points; 
• the uncertainties of the unit under calibration  𝑇𝑇𝑓𝑓𝑓𝑓𝑐𝑐 where: 
 𝑇𝑇𝑓𝑓𝑓𝑓𝑐𝑐,𝑓𝑓𝑖𝑖𝑐𝑐 consists of the uncertainty in assessing the temperature value through the 
calibration curve obtained for each sensor as it will described following; 
 𝑇𝑇𝑓𝑓𝑓𝑓𝑐𝑐,𝑟𝑟𝑒𝑒𝑝𝑝 considers the repeatability of measurements and was evaluated as a type A 
uncertainty; 
• the uncertainties linked to the temperature difference inside the thermal bath. These 
values �𝑇𝑇𝜕𝜕,𝑏𝑏𝑟𝑟𝑐𝑐ℎ� are declared by the manufacturer where: 
 𝑇𝑇𝑓𝑓𝑐𝑐𝑖𝑖𝑓𝑓,𝑏𝑏𝑟𝑟𝑐𝑐ℎ represents the uncertainty due to the temperature spatial uniformity 
(±0.005°C at 25°C for water); 
𝑇𝑇𝑠𝑠𝑐𝑐𝑟𝑟𝑏𝑏,𝑏𝑏𝑟𝑟𝑐𝑐ℎ represents the uncertainty due to the temporal stability in the range of the 
medium temperature (±0.005°C at 25°C for water); 
The overall uncertainty is evaluated by combining the individual standard uncertainties 
𝑇𝑇𝑖𝑖, whether arising from Type A or Type B evaluation: 
𝑇𝑇𝑐𝑐𝑟𝑟𝑓𝑓 = ��𝑇𝑇𝑖𝑖2𝑐𝑐
𝑖𝑖=1
 [°𝐶𝐶] (7.16) 
Finally it is described how the calibration curve of the RTD sensors was obtained for both 
laboratory and hydraulic module sensors and the results of the assessment of the 
uncertainty due to the whole calibration procedure. 
 Calibration results for the laboratory thermometers and 
assessment of their uncertainty for temperature measurements 
As it was mentioned before, the calibration curve of a RTD consists in a continue function 
that links a value of resistance to a corresponding value of temperature.  
For the laboratory RTD Pt100 thermowell sensors a linear function was used to fit the 
measured data: 
𝑇𝑇(𝑅𝑅) = 𝑎𝑎1 ∙ 𝑅𝑅 + 𝑎𝑎0 [°𝐶𝐶] (7.17) 
The coefficients 𝑎𝑎1 and 𝑎𝑎0 of this curve were obtained through the Least-squares fitting 
method. In general the measured 𝑶𝑶 points that are obtained during the calibration are:  (𝑅𝑅1,𝑇𝑇1) ;   (𝑅𝑅2,𝑇𝑇2) ;  …  ;    (𝑅𝑅𝑐𝑐,𝑇𝑇𝑐𝑐)   
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where 𝑅𝑅𝑖𝑖 is the average resistance of the sensor to calibrate, while 𝑇𝑇𝑖𝑖 is the average 
temperature of the reference sensor during the steady state period. In order to obtain 
the output quantities 𝑎𝑎1 and 𝑎𝑎0, it is essential to minimise the following sum with respect 
to each coefficients of the fitting curve: 
𝑆𝑆 = �[𝑇𝑇𝑖𝑖 − (𝑎𝑎1 𝑅𝑅𝑖𝑖 + 𝑎𝑎0)]2𝑐𝑐
𝑖𝑖
 [(°𝐶𝐶)2] (7.18) 
⎩
⎨
⎧
𝜕𝜕𝑆𝑆
𝜕𝜕𝑎𝑎1
= 0
𝜕𝜕𝑆𝑆
𝜕𝜕𝑎𝑎0
= 0   
The result is: 
𝑎𝑎0 = ∑(𝑅𝑅𝑖𝑖) ∙ ∑(𝑅𝑅𝑖𝑖 ∙ 𝑇𝑇𝑖𝑖) − ∑(𝑅𝑅𝑖𝑖2) ∙ ∑(𝑇𝑇𝑖𝑖)[ ∑(𝑅𝑅𝑖𝑖) ]2 − 𝑁𝑁 ∙ ∑(𝑅𝑅𝑖𝑖2)  [°𝐶𝐶] (7.19) 
𝑎𝑎1 = ∑(𝑅𝑅𝑖𝑖) ∙ ∑(𝑇𝑇𝑖𝑖) − 𝑁𝑁 ∙ ∑(𝑅𝑅𝑖𝑖 ∙ 𝑇𝑇𝑖𝑖)[ ∑(𝑅𝑅𝑖𝑖) ]2 − 𝑁𝑁 ∙ ∑(𝑅𝑅𝑖𝑖2)  [°𝐶𝐶/𝛺𝛺] (7.20) 
The problem was implemented in Excel and solved through the Excel solver. 
At this point, once defined the calibration curve of a sensor, it is important to evaluate 
the error committed in assessing the temperature value through the calibration curve 
with respect to the measured temperature from the reference thermometer. Considering 
each calibration point 𝑶𝑶 = 𝟏𝟏 ÷ 𝑶𝑶 the deviation is: 
∆𝑇𝑇𝑖𝑖 = 𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑖𝑖∗ [°𝐶𝐶] (7.21) 
and the uncertainty due to this approximation can be evaluated by considering the root 
mean square deviation (RMSD) of the residual deviations: 
𝑇𝑇𝑓𝑓𝑖𝑖𝑐𝑐 = �𝑆𝑆𝑖𝑖 = �∑ [𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑖𝑖∗]2𝑐𝑐𝑖𝑖 𝑖𝑖  [°𝐶𝐶] (7.22) 
where 𝑇𝑇𝑖𝑖
∗ is, in this case, the temperature of the sensor under test. 
In Table 20 there are presented as examples the measured values and fit coefficients 
obtained from the calibration procedure for the TLab2 Pt 100 thermowell laboratory 
sensor. The result shows that the root mean square deviation is less than 0,2°C, 
consequently a linear fitting curve for this sensor can be considered acceptable. 
Table 21: Measured and fitted values for the calibration of the Pt100 laboratory sensor Th2. 
TLab2 Linear fitting  
Resistence 
[Ω] 
Ref. 
Temperature  
[°C] 
Fit 
[°C] 
Deviation 
[°C] 
Least squares 
[°C^2] 
Fit coefficients 
 
 
100.29 0.75 0.57 0.18 0.031 𝑶𝑶𝟏𝟏 2.583763 [°C/Ω] 
111.69 29.87 30.03 -0.15 0.024 𝑶𝑶𝟎𝟎 258.5471 [°C] 
123.25 59.72 59.91 -0.19 0.036      
136.60 94.57 94.41 0.17 0.028      
      COUNT 4      
      RMSD 1.72E-01      
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Fig. 88: Calibration curves obtained for the TLab2 RTD Pt 100 laboratory sensor. 
 
In Fig. 88 there are plotted the calibration curves of the TLab2 Pt100 sensor. It is possible 
to note the linear relationship between resistance and temperature for this sensor.  
Furthermore, in the following table it is reported the assessment of the overall 
uncertainty due to the calibration procedure for the sensor TLab2. The influence due to 
self-heating and hysteresis was ignored. The largest share of the uncertainty is due to the 
fitting error. 
Table 22: Uncertainty due to the calibration procedure of the laboratory sensor TLab2. 
Brief description Quantity Uncertainty 
Calibration of reference thermometer 𝑇𝑇𝜕𝜕𝑟𝑟𝑒𝑒𝑓𝑓,𝑓𝑓𝑖𝑖𝑐𝑐 0.005 °C 
Type a uncertainty  for  the reference sensor at each calibration 
point 
𝑇𝑇𝜕𝜕𝑟𝑟𝑒𝑒𝑓𝑓,𝑟𝑟𝑒𝑒𝑝𝑝 0.00009 °C 
Calibration curve of the sensor under test 𝑇𝑇𝑓𝑓𝑓𝑓𝑐𝑐,𝑓𝑓𝑖𝑖𝑐𝑐 0.172 °C 
Type a uncertainty  for  the sensor under test at each calibration 
point  
𝑇𝑇𝑓𝑓𝑓𝑓𝑐𝑐,𝑟𝑟𝑒𝑒𝑝𝑝 0.000077 °C 
Spatial uniformity of the temperature in the thermal bath 𝑇𝑇𝑓𝑓𝑐𝑐𝑖𝑖𝑓𝑓,𝑏𝑏𝑟𝑟𝑐𝑐ℎ 0.005 °C 
Temporal stability in the range of the medium temperature in the 
thermal bath 
𝑇𝑇𝑠𝑠𝑐𝑐𝑟𝑟𝑏𝑏,𝑏𝑏𝑟𝑟𝑐𝑐ℎ 0.005 °C 
 𝑇𝑇𝜕𝜕ℎ2,𝑐𝑐𝑟𝑟𝑓𝑓 0.19 °C 
 
Finally, it is described how the overall uncertainty for the laboratory sensor was assessed. 
For this purpose were considered to evaluate the type b uncertainty: 
• the combined standard uncertainty due to the calibration procedure �𝑇𝑇𝑐𝑐𝑟𝑟𝑓𝑓,𝜕𝜕�; 
• the influence of the uncertainty in resistance measure of the data acquisition system 
�𝑇𝑇𝑅𝑅,𝜕𝜕� on the temperature measurement.  
So, this latter was calculated through the propagated uncertainty for each sensor 
considering the following equations: 
𝑇𝑇𝐵𝐵,𝜕𝜕 = �𝑇𝑇𝑐𝑐𝑟𝑟𝑓𝑓,𝜕𝜕2 + 𝑇𝑇𝑅𝑅,𝜕𝜕2  [°𝐶𝐶] (7.23) 
𝑇𝑇𝑅𝑅,𝜕𝜕 = ��𝜕𝜕𝑇𝑇𝜕𝜕𝑅𝑅�2 ∙ 𝑇𝑇𝑅𝑅2 = �𝑎𝑎12 ∙ 𝑇𝑇𝑅𝑅2  [𝐶𝐶] (7.24) 
where 𝑎𝑎1 is the first order coefficient of the calibration curve of each sensor, while 𝑇𝑇𝑅𝑅 is 
the uncertainty in the resistance measure, evaluated considering the absolute uncertainty 
of the data acquisition system (PXI 1042Q-DMM  NI 4071) with a rectangular probability 
density function: 
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𝑇𝑇𝑅𝑅 = 𝛿𝛿𝑅𝑅
√3 = 1√3 (48 ppm ∙ 𝑅𝑅𝑅𝑅𝑎𝑎𝑑𝑑𝐵𝐵𝑖𝑖𝑔𝑔 + 0,5 ppm ∙ 𝑅𝑅𝑎𝑎𝑖𝑖𝑔𝑔𝑅𝑅 ) [𝛺𝛺] (7.25) 
The overall uncertainty in temperature measurement for the thermowell thermometer 
was assessed considering also the statistical contribution in a stationary measurement 
through the type a uncertainty. Following it is summarised  how the uncertainty in the 
temperature measured is assessed. 
 
Temperature measurement 𝑇𝑇 = 𝑇𝑇�  ± 𝑇𝑇(𝑇𝑇) = 𝑇𝑇�  ± Ɛ(𝑇𝑇) [°C] 
𝑇𝑇𝐴𝐴(𝑇𝑇) = �∑ (𝑇𝑇𝑖𝑖 − 𝑇𝑇�)2𝑁𝑁𝑖𝑖=1𝑁𝑁(𝑁𝑁 − 1) =  𝜎𝜎(𝑇𝑇)√𝑁𝑁   𝑇𝑇𝐵𝐵(𝑇𝑇) = 𝑇𝑇𝐵𝐵,𝜕𝜕 = �𝑇𝑇𝑐𝑐𝑟𝑟𝑓𝑓,𝜕𝜕2 + 𝑇𝑇𝑅𝑅,𝜕𝜕2    [°C] 
 
 Calibration results for the hydraulic module thermometers and 
assessment of the uncertainty in the bulk temperature from the 
pipe surface temperature measurements 
For the hydraulic module RTD Pt 1000 sensors only three of these ones were calibrated as 
samples for the whole sensors of the same kind. The results demonstrate that the three 
sensors behave practically equal among them. Consequently, it was decided to use as 
coefficients of the calibration curve for all the thermal ribbon sensors, the average 
coefficients obtained from the calibration of these three sensors. This was done as a 
compromise between calibrate all the sensors or use the calibration coefficients 
recommended by the standard IEC 751 for industrial sensors that could result unsuitable. 
Firstly, a linear function was used to fit the measured data as it was done above for the 
laboratory thermometers. The value of the root mean square deviation resulted greater 
than 0,3°C.  In order to characterise in the best way the relationship between the 
variation of the resistance with temperature for these sensors a quadratic fitting function 
was used:   
𝑇𝑇(𝑅𝑅) = 𝑎𝑎2 ∙ 𝑅𝑅2 + 𝑎𝑎1 ∙ 𝑅𝑅 + 𝑎𝑎0 [°𝐶𝐶] (7.26) 
 In the same way as it was done for the laboratory sensors, the Least Square Fitting 
method was applied to obtain the calibration coefficients 𝑎𝑎2, 𝑎𝑎1 and 𝑎𝑎0 of these curve. The 
problem was implemented in Excel and solved through the Excel solver. 
In Table 22 there are presented the measured values and fit coefficients obtained from 
the calibration procedure for the T5 Pt 1000 thermal ribbon sensor. The root mean square 
error (RMSE) results less than 0,025°C. Thus it confirms that for this sensor the resistance-
temperature relationship can be considered quadratic with a very good precision. 
Table 23: Measured and fitted values for the calibration of the Pt1000 ribbon sensor T5. 
T5 Quadratic fitting   
Resistence 
[Ω] 
Ref 
Temperature  
[°C] 
Fit 
[°C] 
Deviation 
[°C] 
Least squares 
[°C] 
Fit 
coefficients 
  
1004.02 0.51 0.50 0.01 6.18E-05 𝑎𝑎2 2.0965E-05 [°C/Ω2]  
1120.19 29.87 29.90 -0.03 9.50E-04 𝑎𝑎1 2.0858E-01 [°C/Ω]  
1235.64 59.72 59.69 0.04 1.32E-03 𝑎𝑎0 2.3005E+02 [°C]  
1368.28 94.58 94.59 -0.01 1.72E-04       
      COUNT 4       
      RMSE 2.50E-02       
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Fig. 89: Calibration curves obtained for the T5 RTD Pt 1000 hydraulic module thermometer. 
In Fig. 89 the quadratic calibration curves for the T5 RTD Pt1000 thermal ribbon sensors 
are showed, while in Table 23 the all coefficients obtained from the calibration of the 
three samples and their average values are summarised. Their values confirm how much 
these sensor behave in the same way in the temperature measurements.  
 
Table 24: Quadratic fit coefficients for the tree samples of the RTD Pt 1000 sensors and their 
average values. 
Fit coefficients 
 T5 T6 T7 Average  
𝑶𝑶𝟐𝟐 2.0965E-05 1.5408E-05 1.6936E-05 1.777E-05 [°C/Ω2] 
𝑶𝑶𝟏𝟏 2.0858E-01 2.2143E-01 2.1795E-01 2.160E-01 [°C/Ω] 
𝑶𝑶𝟎𝟎 2.3005E+02 -2.3737E+02 -2.3536E+02 -2.343E+02 [°C] 
 
In addition, in Table 24 it is showed the assessment of the error in the temperature 
measurement introduced using the average fit coefficients for the sensor T5 with respect 
to its own calibration coefficients. The maximum deviation with respect to the reference 
temperature results around 0,11°C and confirms that this approximation can be 
considered acceptable. 
Finally in Table 25 the result of the assessment of the uncertainty due to the calibration 
procedure for the T5 thermal ribbon sensor is reported. This was considered equal to the 
root mean square deviation (RMSD) obtained using the average calibration coefficients. 
 
Table 25: Measured and fitted values for the Pt1000 ribbon sensor T5 using the average fitting 
coefficients. 
T5 Quadratic fitting   
Resistence 
[Ω] 
Ref 
Temperature  
[°C] 
Fit 
[°C] 
Deviation 
[°C] 
Least 
squares 
[°C] Average Fit coefficients 
 
1004.02 0.51 0.51 0.0001 3.01E-09 𝑎𝑎2 1.777E-05 [°C/Ω2]  
1120.19 29.87 29.98 -0.11 1.23E-02 𝑎𝑎1 2.160E-01 [°C/Ω]  
1235.64 59.72 59.75 -0.03 8.96E-04 𝑎𝑎0 2.343E+02 [°C]  
1368.28 94.58 94.54 0.04 1.73E-03     
      COUNT 4     
      RMSE 6.10E-02     
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Table 26: Uncertainty due to the calibration procedure of the hydraulic module sensor T5. 
Brief description Quantity Uncertainty 
Calibration of reference thermometer 𝑇𝑇𝜕𝜕𝑟𝑟𝑒𝑒𝑓𝑓,𝑓𝑓𝑖𝑖𝑐𝑐 0.005 °C 
Type a uncertainty  for  the reference sensor at each calibration 
point 
𝑇𝑇𝜕𝜕𝑟𝑟𝑒𝑒𝑓𝑓,𝑟𝑟𝑒𝑒𝑝𝑝 5.21E-06 °C 
Calibration curve of the sensor under test 𝑇𝑇𝑓𝑓𝑓𝑓𝑐𝑐,𝑓𝑓𝑖𝑖𝑐𝑐 0.061 °C 
Type a uncertainty  for  the sensor under test at each calibration 
point  
𝑇𝑇𝑓𝑓𝑓𝑓𝑐𝑐,𝑟𝑟𝑒𝑒𝑝𝑝 2.65E-05 °C 
Spatial uniformity of the temperature in the thermal bath 𝑇𝑇𝑓𝑓𝑐𝑐𝑖𝑖𝑓𝑓,𝑏𝑏𝑟𝑟𝑐𝑐ℎ 0.005 °C 
Temporal stability in the range of the medium temperature in the 
thermal bath 
𝑇𝑇𝑠𝑠𝑐𝑐𝑟𝑟𝑏𝑏,𝑏𝑏𝑟𝑟𝑐𝑐ℎ 0.005 °C 
 𝑇𝑇𝜕𝜕5,𝑐𝑐𝑟𝑟𝑓𝑓 7.6E-2 °C 
 
At this point it is important to evaluate the uncertainty committed in the evaluation of 
the mean temperature of the fluid inside a pipe. This is assessed from the pipe surface 
temperature measurement through the temperature correction function discussed in 
Chapter 2. In this case it is considered as the uncertainty in the temperature 
measurement the uncertainty that depends on the accuracy class of PRTDs sensors as it 
is reported in the standard IEC 60751 [54]. This because it is no possible to know the 
uncertainty in the resistance measurement of the electrical board of the hydraulic 
module.  
The used temperature correction function is:  
𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘 =  𝑇𝑇𝑠𝑠 + 𝐴𝐴 𝑅𝑅�𝜕𝜕𝑆𝑆−𝜕𝜕𝑎𝑎𝑖𝑖𝑐𝑐𝐵𝐵 � + 𝐶𝐶 [°C] (7.27) 
with    
A=1,12564 B=25,5988 C=-1,12564 
The uncertainty in the mean fluid temperature value depends on the combination of the 
uncertainty in the measurement of the surface temperature and of the air temperature 
inside the box.   
 
Table 27: Accuracy class of RTDs temperature sensors and graphical representation. 
Sensor Tolerance class Accuracy (°C) 
 
RTD A 0,15+0,002 · |𝑇𝑇|* 
RTD B 0,3+0,005 · |𝑇𝑇| 
*|𝑇𝑇|=modulus of temperature in degrees Celsius without regard to 
sign 
 
Using the general law of the propagation of uncertainty in the indirect measurement of a 
quantity, when all input variables are independent, the uncertainty in the mean fluid 
temperature estimation is: 
𝑇𝑇 (𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘) = ��𝜕𝜕𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘𝜕𝜕𝑇𝑇𝑆𝑆 �2 ∙ 𝑇𝑇2(𝑇𝑇𝑆𝑆) +  �𝜕𝜕𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘𝜕𝜕𝑇𝑇𝐴𝐴𝑖𝑖𝑟𝑟 �2 ∙ 𝑇𝑇2(𝑇𝑇𝐴𝐴𝑖𝑖𝑟𝑟) [°𝐶𝐶] (7.28) 
𝜕𝜕𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘
𝜕𝜕𝑇𝑇𝑆𝑆
= 1 +  𝐴𝐴
𝐵𝐵
 𝑅𝑅�𝑇𝑇𝑆𝑆−𝑇𝑇𝑎𝑎𝐵𝐵𝑟𝑟𝐵𝐵 �  (7.29) 
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𝜕𝜕𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘
𝜕𝜕𝑇𝑇𝐴𝐴𝑖𝑖𝑟𝑟
= −  𝐴𝐴
𝐵𝐵
 𝑅𝑅�𝑇𝑇𝑆𝑆−𝑇𝑇𝑎𝑎𝐵𝐵𝑟𝑟𝐵𝐵 �  (7.30) 
𝑇𝑇 (𝑇𝑇𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘) = ��1 + 𝐴𝐴𝐵𝐵  𝑅𝑅�𝑇𝑇𝑆𝑆−𝑇𝑇𝑎𝑎𝐵𝐵𝑟𝑟𝐵𝐵 ��2 ∙ 𝑇𝑇2(𝑇𝑇𝑆𝑆) + �−  𝐴𝐴𝐵𝐵  𝑅𝑅�𝑇𝑇𝑆𝑆−𝑇𝑇𝑎𝑎𝐵𝐵𝑟𝑟𝐵𝐵 ��2 ∙ 𝑇𝑇2(𝑇𝑇𝐴𝐴𝑖𝑖𝑟𝑟) [°𝐶𝐶] (7.31) 
 
Table 28: Influence of the air temperature sensor class on the uncertainty in the mean temperature 
of the fluid. 
Ts u(Ts) Tair u(Tair) Tbulk u(Tbulk) 
[°C] [°C] [°C] [°C] [°C] [°C] 
Case 1: air temperature sensor of class A 
12 0.17 25 0.20 11.55 0.18 
45 0.24 25 0.20 46.33 0.26 
65 0.28 35 0.22 67.51 0.32 
85 0.32 55 0.26 87.51 0.37 
Case 2: air temperature sensor of class B 
12 0.17 25 0.43 11.55 0.18 
45 0.24 25 0.43 46.33 0.27 
65 0.28 35 0.48 67.51 0.33 
85 0.32 55 0.58 87.51 0.37 
In the previous table the evaluation of the uncertainty in the mean temperature of the 
fluid is reported in some conditions. In particular two cases are investigated, in which the 
air temperature sensor is a class A or a class B sensor. It is possible to observe that this 
different choice affects the evaluation of the mean fluid temperature uncertainty in a 
very negligible way.  
  
8.3 Uncertainty assessment for flow rate measurements 
In this part firstly it is described the assessment of the overall uncertainty in the 
volumetric flow rate measurement. Secondly, for the hydraulic module sensors are 
showed their operation range and the results during the verification of their operation 
comparing their measurements to the laboratory sensors ones.  
The overall uncertainty in the flow rate measurement was calculated considering both 
contributions of the type a and type b uncertainty. For these sensors it was considered as 
type b uncertainty the accuracy declared by the manufacturer: 
• 0,2% of reading for the laboratory electromagnetic flowmeters Siemens Magflo MAG 
6000; 
• 1% of the full scale for the hydraulic module vortex flowmeters Huba control media 
type 210 (90 l/h). 
Volumetic flow rate measurement ?̇?𝜌 =  𝑃𝑃 𝐴𝐴 =  𝑚𝑚
𝜌𝜌 ̇     [l/h] (7.32) 
 ?̇?𝜌 = ?̇?𝜌�  ± 𝑇𝑇(?̇?𝜌) = ?̇?𝜌�  ± Ɛ(?̇?𝜌)         [l/h] (7.33) 
𝑇𝑇𝐴𝐴�?̇?𝜌� = �∑ �?̇?𝜌𝑖𝑖 − ?̇?𝜌��2𝑁𝑁𝑖𝑖=1𝑁𝑁(𝑁𝑁 − 1) =  𝜎𝜎(?̇?𝜌)√𝑁𝑁  
[l/h] 𝑇𝑇𝐵𝐵�?̇?𝜌�=  𝑈𝑈𝑖𝑖𝑐𝑐𝑅𝑅𝑟𝑟𝑎𝑎𝑎𝑎𝐵𝐵𝑖𝑖𝑎𝑎𝑑𝑑 𝑑𝑑𝑅𝑅𝑐𝑐𝑇𝑇𝑎𝑎𝑟𝑟𝑅𝑅𝑑𝑑  
𝑇𝑇𝑑𝑑 𝑎𝑎ℎ𝑅𝑅 𝑚𝑚𝑎𝑎𝑖𝑖𝑇𝑇𝑓𝑓𝑎𝑎𝑐𝑐𝑎𝑎𝑇𝑇𝑟𝑟𝑅𝑅𝑟𝑟      [l/h] (7.34) 
In order to verify the operation of the hydraulic module flowmeters and to assess the 
uncertainty in the volumetric flow measurements, on each circuit five levels of volumetric 
flow rates were fixed in two different cases, changing the electrical power of pumps. It 
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was made switching firstly the laboratory pump on and the EH´s pump off, secondly vice 
versa. The reached flow rates in each case are different because of the different size of 
the pump of the laboratory and different pressure losses between the two circuits. 
The comparison of these two case allows to observe if there is an electromagnetic or 
hydraulic disturb on the measure of the volumetric flow due to the working conditions of 
the EH´s pumps that are close to the flowmeters. 
Firstly, even though the two signals are affected by a little noise and considering the fact 
that at low flow rates their measure is greater about 3% with respect to the reference 
flowmeters, the two flow sensors function in an acceptable level. It is important to notice 
that this noise represents the typical vortex flowmeter signal as it is showed in Chapter 
2. 
Secondly from Fig. 90 it is possible to notice the minimum flow rate that the flow meter 
in subject can measure is: 400 l/h (~5% of the full scale of the instrument). In addition 
it is possible to verify the declared accuracy by the manufacturer: the performance is 
worse at low flow rate than at high flow rate. As is mentioned in the Chapter 2, for 
different low values of the Reynolds number (<103) the Strouhal number is not any more 
constant. So at low velocity of the flow the physical law that represents the constant 
shedding frequency of vortices is not valid any more. 
Moreover, from Fig. 91 it is possible to notice an erroneous measure (~7%) of the F1 flow 
meter compared to the laboratory one that occurs when the hydraulic module pump P1 
is turned on. This does not happen on the F2 flowmeter when the pump P2 is turned on. 
 
Fig. 90: Comparison between the flow meter F2 signal and the laboratory flow meter FMLab2 
signal. 
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Fig. 91: Comparison between the flow meter F1 signal and the laboratory flow meter FMLab1 signal 
when the hydraulic module pump P1 is turned on. 
 
Consequently, for what concerns the wrong measure of F1 sensor is possible to deduce 
that: 
• it is not due to an electromagnetic interference between the flow sensor and the 
electrical component of thepump because if it was present, it also would have 
affected the measure of the F2 sensor; 
• consequently because of the fact that the F1 sensor is downstream and very close to 
the P1 pump, it is reasonable to consider that this is a fluid dynamic influence maybe 
due to the introduction of additional turbulence and a radial component in the fluid 
velocity field from the  pump impeller;    
• the most suitable solution of this problem is to change the relative position between 
the F1 sensor and the P1 pumps, installing one of them on the other side of the same 
circuit. This is not simple because of the very few space available in the hydraulic 
module box. 
Finally, in  Table 29 and Table 30 the results obtained during tests are summarized. These 
were performed in order to verify the operation of the hydraulic module vortex flow 
meters and to assess their uncertainty in the volumetric flow measurements. In the 
columns F2 and F1 there are reported the measurements of the hydraulic module flow 
meters. These are compared with the measurements of the laboratory electromagnetic 
flow meters reported in the columns Flab2 and Flab1, respectively. In the further columns 
are calculate the Standard Deviation (SD) and the absolute uncertainty (u) for each 
measurement.  
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Table 29: Comparison of the uncertainty in the volumetric flow measurement between the 
hydraulic module flow meter F2 and the laboratory flow meter 
Table 30: Comparison of the uncertainty in the volumetric flow measurement between the 
hydraulic module flow meter F1 and the laboratory flow meter. 
Case 1: PLab1_ON / P1_OFF/ V1=A_Flow to the HE 
% 
Pmax  
FMlab1 
[l/h] 
F1    
[l/h] 
Diff 
[l/h] 
Diff 
[%] 
SD(FMlab1) 
[l/h] 
SD(F1) 
[l/h] 
u (FMlab1)  
[l/h] 
u(F1)  
[l/h] 
10.00 721.18 746.22 25.04 3.36 2.70 24.27 1.54 90.05 
30.00 764.95 792.58 27.63 3.49 3.03 24.93 1.65 90.06 
50.00 1377.45 1402.67 25.23 1.80 3.73 27.04 2.85 90.07 
70.00 1958.52 1991.93 33.41 1.68 7.87 37.43 4.22 90.13 
100.00 2685.45 2698.27 12.82 0.48 10.97 43.04 5.80 90.17 
                  
Case 2: PLab1_OFF / P1_ON/ V1=A_Flow to the HE 
% 
Pmax  
FMlab1 
[l/h] 
F1   
[l/h] 
Diff 
[l/h] 
Diff 
[%] 
SD(FMlab1) 
[l/h] 
SD(F1) 
[l/h] 
u (FMlab1)  
[l/h] 
u(F1)  
[l/h] 
10.00 643.13 695.88 52.74 7.58 2.44 20.51 1.38 90.04 
30.00 788.53 847.91 59.39 7.00 2.61 21.91 1.66 90.04 
50.00 1286.02 1381.79 95.77 6.93 2.67 46.01 2.63 90.20 
70.00 1774.75 1906.69 131.94 6.92 4.45 40.32 3.66 90.15 
100.00 2372.13 2505.36 133.23 5.32 4.17 44.18 4.82 90.18 
 
On one hand, it is possible to notice the big entity of the standard deviation values for 
the measurements of the hydraulic module flow meters. This is due to their “noisy” signal 
that derive from its measurement principle. On the other hand, the most part of its 
uncertainty is due to the contribution of the type b uncertainty declared by the 
manufacturer (90 l/h). In order to extend the measurement of this device to lower of 
flow rate the installation of a vortex flow with reduced cross section it is foreseen in the 
future version of the hydraulic module. As was discussed widely in Chapter 2 this fact 
involves the reduction of the uncertainty in the volumetric flow measurement of almost 
half passing from about 90 l/h to 51 l/h.     
8.4 Uncertainty assessment for thermal power measurements 
In this case the thermal power is a quantity that is calculated indirectly from the 
temperature and volumetric flow rate measurements. So, its uncertainty was assessed by 
considering the expression used for the indirect measurement of a quantity as it was 
Case 1: PLab2_ON / P2_OFF/ V2=AB_Flow to the HE 
% 
Pmax  
FMlab2 
[l/h] 
F2   
[l/h] 
Diff 
[l/h] 
Diff 
[%] 
SD (FMLab2) 
[l/h] 
SD(F2) 
[l/h] 
u (FMLab2)  
[l/h] 
u(F2)  
[l/h] 
10.00 328.11 86.74 241.37 73.56 3.05 36.82 0.90 90.13 
30.00 389.28 362.39 26.89 6.91 3.03 36.15 0.99 90.12 
50.00 751.26 778.14 26.87 3.45 3.03 10.38 1.62 90.01 
70.00 1096.91 1131.55 34.64 3.06 4.40 16.67 2.36 90.03 
100.00 1596.85 1623.55 26.70 1.64 5.22 16.60 3.36 90.03 
                  
Case 2: PLab2_OFF / P2_ON/ V2=AB_Flow to the HE 
% 
Pmax  
FMlab2  
[l/h] 
F2   
[l/h] 
Diff 
[l/h] 
Diff 
[%] 
SD( FMLab2) 
[l/h] 
SD(F2) 
[l/h] 
u (FMLab2)  
[l/h] 
u(F2)  
[l/h] 
10.00 218.45 0.00 218.45 100.00 2.49 0.00 0.66 90.00 
30.00 310.64 21.43 289.21 93.10 2.99 23.42 0.86 90.05 
50.00 617.34 634.57 17.23 2.72 2.66 12.43 1.34 90.01 
70.00 908.04 942.63 34.58 3.67 2.75 16.05 1.90 90.02 
100.00 1319.77 1354.37 34.60 2.55 3.37 16.60 2.72 90.03 
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reported in the paragraph 8.1, considering the temperature and flow rate measurement 
uncorrelated quantities.   
In the following table the mathematic formula and the assumptions adopted to calculate 
the thermal power are presented, the thermal losses, the hydraulic module thermal 
efficiency and their uncertainties. For the thermal efficiency the uncertainty was 
evaluated by considering the exchanged thermal power �?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐, ?̇?𝑄ℎ𝑐𝑐𝑐𝑐� as complete correlated 
quantities. 
Thermal 
power 
assessment 
?̇?𝑄 = 𝑚𝑚 ̇ 𝑐𝑐𝑝𝑝 (𝑇𝑇𝑖𝑖𝑐𝑐 − 𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐) = 𝜌𝜌 ?̇?𝜌 𝑐𝑐𝑝𝑝 (𝑇𝑇𝑖𝑖𝑐𝑐 − 𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐)  [kW] (7.35) 
A reasonable assumption is that there is negligible uncertainty in a property such as 
specific heat or density, thus volumetric flow may be used instead of mass flow and 
the overall uncertainty can be evaluated in the following way: 
 
𝑇𝑇�?̇?𝑄� = ���𝜕𝜕?̇?𝑄
𝜕𝜕?̇?𝜌
�   𝑇𝑇�?̇?𝜌��2 + �� 𝜕𝜕?̇?𝑄
𝜕𝜕𝑇𝑇𝑖𝑖𝑐𝑐
�    𝑇𝑇(𝑇𝑇𝑖𝑖𝑐𝑐)�2 + �� 𝜕𝜕?̇?𝑄𝜕𝜕𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐�    𝑇𝑇(𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐)�2= ��𝜌𝜌 𝑐𝑐𝑝𝑝 (𝑇𝑇𝑖𝑖𝑐𝑐 − 𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐)  𝑇𝑇�?̇?𝜌��2 + �𝜌𝜌?̇?𝜌 𝑐𝑐𝑝𝑝   𝑇𝑇(𝑇𝑇𝑖𝑖𝑐𝑐)�2 + �−𝜌𝜌?̇?𝜌 𝑐𝑐𝑝𝑝   𝑇𝑇(𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐)�2 
 
   [kW] 
(7.36) 
 
Ɛ�?̇?𝑄� =  𝑇𝑇�?̇?𝑄�
?̇?𝑄 = ��𝑇𝑇�?̇?𝜌�?̇?𝜌 �2 + � 𝑇𝑇(𝑇𝑇𝑖𝑖𝑐𝑐)𝑇𝑇𝑖𝑖𝑐𝑐 − 𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐�2 + �− 𝑇𝑇(𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐)𝑇𝑇𝑖𝑖𝑐𝑐 − 𝑇𝑇𝑐𝑐𝑓𝑓𝑐𝑐�2 [%] (7.37) 
Thermal losses 
assessment 
?̇?𝑄𝑓𝑓𝑐𝑐𝑠𝑠𝑠𝑠 = ?̇?𝑄ℎ𝑐𝑐𝑐𝑐 − ?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐 [kW] (7.38) 
 
𝑇𝑇�?̇?𝑄𝑓𝑓𝑐𝑐𝑠𝑠𝑠𝑠� = ��𝑇𝑇�?̇?𝑄ℎ𝑐𝑐𝑐𝑐��2 + �𝑇𝑇�?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐��2 [kW] (7.39) 
 
Ɛ�?̇?𝑄𝑓𝑓𝑐𝑐𝑠𝑠𝑠𝑠� = 𝑇𝑇�?̇?𝑄𝑓𝑓𝑐𝑐𝑠𝑠𝑠𝑠�?̇?𝑄𝑓𝑓𝑐𝑐𝑠𝑠𝑠𝑠  [%] (7.40) 
Thermal 
efficiency 
assessment 
𝜂𝜂𝑐𝑐ℎ = ?̇?𝑄𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐?̇?𝑄ℎ𝑜𝑜𝑐𝑐 = 1 − ?̇?𝑄𝑐𝑐𝑜𝑜𝑙𝑙𝑙𝑙?̇?𝑄ℎ𝑜𝑜𝑐𝑐  < 1 [-] (7.41) 
𝑇𝑇(𝜂𝜂𝑐𝑐ℎ)= �� 𝜕𝜕𝜂𝜂𝑐𝑐ℎ
𝜕𝜕?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐
  𝑇𝑇�?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐��2 + � 𝜕𝜕𝜂𝜂𝑐𝑐ℎ𝜕𝜕?̇?𝑄ℎ𝑐𝑐𝑐𝑐   𝑇𝑇�?̇?𝑄ℎ𝑐𝑐𝑐𝑐��2 + 2� 𝜕𝜕𝜂𝜂𝑐𝑐ℎ𝜕𝜕?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐�� 𝜕𝜕𝜂𝜂𝑐𝑐ℎ𝜕𝜕?̇?𝑄ℎ𝑐𝑐𝑐𝑐� 𝑇𝑇�?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐, ?̇?𝑄ℎ𝑐𝑐𝑐𝑐�= �� 1
?̇?𝑄ℎ𝑐𝑐𝑐𝑐
�
2  𝑇𝑇2�?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐�  + �− ?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐
?̇?𝑄ℎ𝑐𝑐𝑐𝑐
2�
2  𝑇𝑇2�?̇?𝑄ℎ𝑐𝑐𝑐𝑐� + 2� 1?̇?𝑄ℎ𝑐𝑐𝑐𝑐� �− ?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐?̇?𝑄ℎ𝑐𝑐𝑐𝑐2� 𝑇𝑇�?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐 , ?̇?𝑄ℎ𝑐𝑐𝑐𝑐� 
[-] (7.42) 
Covariance 𝑇𝑇�?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐 , ?̇?𝑄ℎ𝑐𝑐𝑐𝑐� = 𝑟𝑟�?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐 , ?̇?𝑄ℎ𝑐𝑐𝑐𝑐� 𝑇𝑇�?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐�  𝑇𝑇�?̇?𝑄ℎ𝑐𝑐𝑐𝑐� = 𝑇𝑇�?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐�  𝑇𝑇�?̇?𝑄ℎ𝑐𝑐𝑐𝑐� [𝑘𝑘𝑊𝑊2] (7.43) 
Correlation factor 𝑟𝑟�?̇?𝑄𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐 , ?̇?𝑄ℎ𝑐𝑐𝑐𝑐� = 1   
 
Ɛ(𝜂𝜂𝑐𝑐ℎ) = 𝑇𝑇(𝜂𝜂𝑐𝑐ℎ)𝜂𝜂𝑐𝑐ℎ  [%] (7.44) 
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In the following tables some results of the commissioning tests of the hydraulic module 
are summarised. These tests were performed by exchanging a certain thermal power 
through the heat exchanger from the primary to the secondary circuit. In particular it is 
reported the quantity that are measured directly in the primary circuit like the pipe 
surface temperatures(𝑇𝑇1𝑠𝑠, 𝑇𝑇2𝑠𝑠), the air temperature inside the hydraulic module (𝑇𝑇𝑟𝑟𝑖𝑖𝑟𝑟) 
and the volumetric flow rate (𝑄𝑄) with their uncertainties, respectively. In addition, the 
quantities that are assessed indirectly from the measured values are calculated with their 
absolute and relative uncertainties. These are the main temperatures of the fluid in each 
branch of the primary circuit (𝑇𝑇1𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘, 𝑇𝑇2𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘) calculated with the correction function 
presented previously and the thermal power exchanged�?̇?𝑄�. All of these results are 
referred to the same cases in which the air temperature is measured with a RTD sensor 
of class b. The difference between the results of Table 30 and  
Table 31 consists in the comparison of the uncertainty in the flow rate measurements and 
consequently in the thermal power measurements in the cases in which it is used the 
installed volumetric flow meter with respect to the same values that could be measured 
by installing a flow meter with reduced cross section as it is discussed in the Chapter 2. 
Table 31: Assessment of the thermal power and it uncertainty measured by the hydraulic module 
with the installed flow meter. 
 
 
Table 32: Assessment of the thermal power and it uncertainty measured by the hydraulic module 
with a flow meter with reduced cross section. 
 
On one hand, the results reported above show that the uncertainty in the main 
temperature of the fluid (𝑇𝑇(𝑇𝑇1𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘), 𝑇𝑇(𝑇𝑇2𝑏𝑏𝑓𝑓𝑓𝑓𝑘𝑘)) is satisfactory, despite the fact that it is 
assessed indirectly. In these cases it is limited between 0,22 K and 0,37 K that corresponds 
to the 1% and 0,4% of the measured value respectively. 
On the other hand, the comparison between the uncertainty in the flow rate 
measurements with the installed flow meter (Table 30) with to respect a flow meter with 
reduced cross section (Table 31) is done. It confirms that this decrease almost half passing 
from about 90 l/h to 51 l/h that corresponds to about 11% and 6% of the measured values, 
respectively.  
Finally, the last column �𝜀𝜀(?̇?𝑄)� confirms the prevalent weight of the uncertainty in the 
flow rate measurements in the assessment of the uncertainty in the thermal power 
measurements with respect to the uncertainty in the temperature measurements. The 
comparison of the two tables proves that the reduction of the uncertainty in the flow rate 
Test T1s T2s Tair T1bulk u (T1bulk ) ε (T1bulk )  T2bulk u (T2bulk ) ε (T2bulk ) F1 u (F1) ε (F1) Q ̇ u(Q ̇) ε(Q ̇)
[#] [°C] [°C] [°C] [°C] [°C] [%] [°C] [°C] [%] [l/h] [l/h] [%]  [kWth]  [kWth] [%]
1 29.77 21.30 22.70 30.13 0.22 0.7% 21.24 0.22 1.0% 825 90 10.9% 8.13 0.93 11.5%
2 44.01 28.95 28.19 44.97 0.26 0.6% 29.26 0.25 0.9% 851 90 10.6% 14.87 1.61 10.8%
3 62.52 40.00 35.75 64.59 0.32 0.5% 41.09 0.29 0.7% 838 90 10.7% 21.90 2.39 10.9%
4 82.21 64.83 50.98 84.90 0.37 0.4% 69.54 0.34 0.5% 827 90 10.9% 16.68 1.90 11.4%
Test T1s T2s Tair T1bulk u (T1bulk ) ε (T1bulk )  T2bulk u (T2bulk ) ε (T2bulk ) F1 u (F1) ε (F1) Q ̇ u(Q ̇) ε(Q ̇)
[#] [°C] [°C] [°C] [°C] [°C] [%] [°C] [°C] [%] [l/h] [l/h] [%]  [kWth]  [kWth] [%]
1 29.77 21.30 22.70 30.13 0.22 0.7% 21.24 0.22 1.0% 825 51 6.2% 8.13 0.58 7.1%
2 44.01 28.95 28.19 44.97 0.26 0.6% 29.26 0.25 0.9% 851 51 6.0% 14.87 0.95 6.4%
3 62.52 40.00 35.75 64.59 0.32 0.5% 41.09 0.29 0.7% 838 51 6.1% 21.90 1.39 6.4%
4 82.21 64.83 50.98 84.90 0.37 0.4% 69.54 0.34 0.5% 827 51 6.2% 16.68 1.17 7.0%
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measurements is reflected in the same way in the reduction of the uncertainty in the 
thermal power measurements that passes from the range of 0,93 ÷ 2,39 kWth to the range 
0,58 ÷ 1,39 kWth that corresponds to the reduction form about the 11% to about 7% of the 
measured values. 
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9 Appendix C: Test Facility 
The tests described in this thesis were performed in the laboratory COSMO of the Institute 
for Renewable Energy of the EURAC (Bolzano). In the next subchapters the hydraulic 
configuration, the measurement equipment and the control system are described. 
The plant of the laboratory has a flexible structure and was designed to obtain different 
configurations by adding or removing some components. The instrumentation is 
connected to a PXI of the National Instrument´s Company and the controller software is 
developed in LabView ambient. The layout of the laboratory configuration used to assess 
the performance of the hydraulic module was presented in Chapter 2. Here there are 
described the circuits of the configuration adopted in the system test. For this latter 
LabView is used both as test bench control software and for the emulation of the 
component that are not physically present. 
9.1 Hydraulic configuration 
The layout of the test facility, in order to assess the performance of the system during a 
winter test, is presented in Fig. 86. There it is showed the connection between the two 
storages respectively of 500 l and 1500 l (in the middle) with the compression heat pump 
(in the bottom) through the hydraulic module. On the left part there are two circuits that 
were used to reject the heat produced by the components that are included in the system 
boundary and the other circuits that are on the right part and that represent the heat 
source.   
 
Fig. 92: Hydraulic scheme of the test facility for the winter test. 
 Hybrid dry cooler heat rejection circuit 
The heat rejection circuit that includes the laboratory hybrid dry cooler dissipates the 
heat at medium temperature in the environment. It is represented in green on the upper 
left corner of Fig. 86. During the system test it was used to simulate the required heat 
when a DHW request occurs (scheme 5) or when there was enough solar energy in the 
storage to cover the space heating demand (scheme 4). In order to do this the dry cooler 
consumes electricity for the working of the fans. This system is divided in two separated 
circuits by a heat exchanger and uses different heat transfer fluids. The first one uses 
water and is directly connected to the small storage, the second one is connected to the 
132 
  
 
hybrid cooler and uses propylene glycol/water. The hybrid air cooler that could work as 
“dry cooler” or “wet cooling tower” is installed in the laboratory roof and has a maximum 
cooling capacity of 50 kWth. The three fans work in cascade and their speeds can be 
regulated manually or with a PID controller. If the external temperature does not allow 
to dissipate enough thermal power, the sprinklers can be used to spray treated water. In 
this case the dissipation rate is influenced by the efficiency of the sprinklers. This 
decreases as much as the external humidity increases. 
 Chilling heat rejection circuit 
The chilling circuit that is represented in the bottom left corner of Fig. 86, was used to 
dissipate by the water main the heat that is supplied by the HP for the direct space 
heating in winter or rejected by the HP to the external air during the summer season. So, 
this circuit is connected always to the condenser of the HP. It consists of the 
thermoregulator 2 and a cold water storage of 1000 litres is used to provide not 
fluctuating temperature. The temperatures to the inlet of the HP condenser are regulated 
by a 3-way valve while the volumetric flow is regulated by a variable speed pump. 
 Brine heat production circuit  
In this circuit a mixture of water/propylene glycol (30% in vol.) is used as working fluid. 
This because this circuit provides the heat for the heat pump evaporator that could work 
at very low temperatures when it is used to emulate the air source circuit in a winter 
test. During a summer test it was used to emulate the space cooling demand of the 
building. The heat was produced in a tank through electrical resistances. Their electrical 
power is regulated by the laboratory PID controller. This circuit is showed in the bottom 
right corner of Fig. 86. 
 Solar field heat production circuit 
The heat production system used for this tests to reproduce the solar source consists of 
the thermoregulator1 circuit (Pmax= 40 kWth, Tmax=95°C) that is separated from the 
storages by a flat plate heat exchanger. It is schematised in the upper right part of Fig. 
86. During the tests the laboratory controller set the output temperature of the collector 
field (The,col_o in Fig. 86) and the thermo regulator PID regulate the necessary heat to 
follow this temperature profile. 
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9.2 Monitoring and control 
 Measurement Equipment 
All the meaningful quantities of the test facility are measured by mean a series of sensors 
of temperature, pressure, volume, electric consumption. Among these, the data that are 
needed for the evaluation of the system/component performance are recorded. In Table 
33 it is present a list of the models and their characteristics of all the typologies of the 
sensor utilized in the test facility. 
Table 33: Measurement Equipment characteristics. 
Instrument Model Class Range Tolerance 
Thermo 
resistance 
TC Direct PT100 
A -15 to 100 °C 0.25 °C 
Pressure probe Siemens QBE2002-P10 nd 0 to 10 Bar ±0.4 % FS 
Volume flow 
meter 
Sitrans FM Magflo 
MAG6000 
1 0 to 10 m3/h ±0.25% MV 
Electric Meter Vemer Energy-230 D63A 1 0 to 63 A @ 230 V  
 
The temperature measurements are taken at the inlets and outlets of all the components 
by the thermowell RTD TC Direct PT100 (4-wires, class A). The pressure is measured with 
the piezoresistive QBE2002-P10 made by Siemens. 
                                              
Fig. 93: Laboratory thermo resistance Pt100 (a) and Pressure probe QBE2002-P10 (b). (Sources: TC 
Direct, Siemens). 
The volumetric flows are measured accurately by electromagnetic flow meters Siemens 
Sitrans FM Magflo MAG 6000. There is installed one flow meter to each circuit of the plant. 
For the electric consumption of thermo regulators, chiller, hybrid air-cooler, pumps and 
actuators of the 3-way valves, have been installed five electric meters Vemer Energy-230 
D63A Class 1. 
                                                                    
Fig. 94: Volume flow meter (a) and Electric Meter (b). (Sources: Siemens, Vemer) 
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 Control and Data Acquisition 
The test facility control and the data acquisition are done using the National Instrument 
PXI 1042Q. It allows to communicate with different devices (i.e. pumps, valves, etc.) and 
acquire data in real time.  
The PXI uses a software developed in LabVIEW ambient by EURAC. Its name is COSMO and 
presents two main windows:  the synoptic scheme of the plant and the graphs window. 
The first allows to change the configuration of the plant (e.g. change the 3-way valve 
opening, change the values of the set temperatures controlled by the PIDs, vary the 
volume flows, etc.). In the second window three graphs are present. They show in real 
time different parameters that are used to check the good proceeding of the test. This 
window is showed in Fig. 89 in which in the first two graphs are plotted the useful 
temperature profiles and set points, while in the third graph the volumetric flow profiles 
and set points are plotted. 
 
Fig. 95: COSMO graphs window. 
 
A DIADEM script was written in Visual basic code for the elaboration of data recorded by 
COSMO. This allows to analyse faster the data with respect to use a spreadsheet program 
because of the large quantity of data recorded during a test. 
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10 Appendix D: Hydraulic module test results 
 Heat exchanger performance rating results 
Table 34: Input quantities used for the heat exchanger performance rating problem of the 
paragraph 2.5.1. 
 
 
Table 35: Output quantities obtained from the heat exchanger model of the paragraph 2.5.1. 
 
 
 
 
 
 
 
Test  ṁhot Thot,in Qhot,ch whot,ch Re Nu hhot Rconv,hot ṁcold Tcold,in Qcold,ch wcold,ch Re Nu hcold  Rconv,cold 
[#] [kg/s] [°C] [m3/s] [m/s] [-] [-] [W/m2K] [W/m2K] [kg/s] [°C] [m3/s] [m/s] [-] [-] [W/m2K] [W/m2K]
1 0.24 30.51 0.000026 0.16 799 74 10435 0.000096 0.154 14.59 0.000017 0.105 468 50 6957 0.00014
2 0.23 45.24 0.000026 0.16 1007 82 11792 0.000085 0.156 17.97 0.000017 0.106 571 55 7820 0.00013
3 0.23 64.42 0.000026 0.16 1296 91 13454 0.000074 0.153 24.55 0.000017 0.105 717 61 8850 0.00011
4 0.22 84.71 0.000026 0.16 1762 104 15982 0.000063 0.155 53.42 0.000018 0.107 1090 74 11180 0.00009
5 0.24 30.28 0.000026 0.16 784 74 10372 0.000096 0.237 16.41 0.000026 0.161 723 72 10046 0.0001
6 0.23 44.9 0.000026 0.16 976 81 11667 0.000086 0.239 20.78 0.000027 0.163 875 79 11242 0.00009
7 0.23 63.45 0.000026 0.16 1227 89 13150 0.000076 0.236 26.7 0.000026 0.162 1071 87 12588 0.00008
8 0.22 83.37 0.000025 0.16 1655 102 15508 0.000064 0.236 50.1 0.000027 0.164 1561 103 15482 0.00006
9 0.45 29.92 0.00005 0.3 1544 128 18055 0.000055 0.238 17.02 0.000026 0.162 745 73 10196 0.0001
10 0.44 44.3 0.00005 0.3 1970 142 20549 0.000049 0.24 21.97 0.000027 0.164 921 81 11526 0.00009
11 0.44 62.84 0.000049 0.3 2568 159 23639 0.000042 0.237 29.92 0.000027 0.162 1160 89 13074 0.00008
12 0.43 84.05 0.000049 0.3 3473 182 27997 0.000036 0.237 57.63 0.000027 0.164 1726 107 16280 0.00006
13 0.44 30.31 0.00005 0.3 1569 128 18091 0.000055 0.154 14.73 0.000017 0.105 474 50 7003 0.00014
14 0.44 44.92 0.00005 0.3 2033 143 20750 0.000048 0.156 18.54 0.000017 0.106 585 56 7911 0.00013
15 0.44 64.14 0.000049 0.3 2696 161 24093 0.000042 0.154 28.95 0.000017 0.106 766 63 9163 0.00011
16 0.43 85.51 0.000049 0.3 3624 185 28546 0.000035 0.155 57.88 0.000018 0.108 1151 76 11509 0.00009
Primary circuit Secondary circuit
U     Cmin          Cmax            R   NTU  Ɛ    Th,o                Th,o meas            Err               Tc,o                    Tc,o meas          Err                
 [W/m2 K] [kW/K] [kW/K]   [-]  [-]  [-] [kW] [kW] [°C] [°C] [°C] [°C] [°C] [°C]
2755 0.64 0.99 0.65 3.5 0.9 10.2 8.9 21.4 21.3 0.1 28.5 28.2 0.3
2975 0.65 0.98 0.66 3.7 0.9 17.7 15.6 29.3 29.1 0.2 42.0 41.3 0.7
3218 0.64 0.96 0.67 4.1 0.9 25.5 22.7 40.7 40.3 0.5 60.0 58.8 1.3
3630 0.65 0.94 0.69 4.5 0.9 20.3 18.2 65.3 64.9 0.4 81.6 80.3 1.3
3131 0.99 0.99 0.99 2.6 0.7 13.7 9.6 20.6 20.0 0.6 26.1 26.4 -0.4
3354 0.98 1 0.98 2.8 0.7 23.6 17.1 27.4 26.6 0.8 37.9 38.3 -0.4
3585 0.96 0.99 0.97 3.0 0.8 35.1 26.4 35.9 35.1 0.8 53.4 53.5 0.0
3960 0.94 0.99 0.95 3.4 0.8 31.3 23.9 57.9 56.7 1.2 74.3 74.4 -0.2
3611 0.99 1.87 0.53 2.9 0.9 12.8 11.0 24.0 23.8 0.2 28.1 28.2 0.0
3863 1 1.85 0.54 3.1 0.8 22.4 18.4 34.4 33.5 0.9 40.3 41.3 -1.0
4128 0.99 1.83 0.54 3.4 0.8 32.6 27.0 48.1 46.7 1.4 57.2 58.5 -1.2
4533 0.99 1.79 0.55 3.7 0.9 26.2 22.3 71.6 70.5 1.2 80.1 80.7 -0.6
3110 0.64 1.86 0.35 3.9 0.9 10.0 9.3 25.3 25.2 0.1 29.2 29.0 0.3
3355 0.65 1.86 0.35 4.1 1.0 17.2 16.3 36.1 35.9 0.2 43.6 42.6 1.0
3648 0.64 1.82 0.35 4.6 1.0 22.6 21.7 52.2 52.0 0.2 62.7 61.1 1.6
4075 0.65 1.8 0.36 5.1 1.0 18.0 17.5 75.8 75.6 0.2 84.8 83.1 1.7
?̇? ?̇?max 
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 Hydraulic module: thermal characterization results 
Table 36: Measured quantities for the primary circuit during the tests described in the paragraph 
2.5.1. 
 
Table 37: Measured quantities for the secondary circuit during the tests described in the paragraph 
2.5.1. 
 
Table 38: Calculated quantities according to the procedure described in the paragraph 2.5.2. 
 
Test               
[#]
ṁhot 
[kg/s]
u (ṁhot ) 
[kg/s]
Thot,in 
[°C]
u (Thot,in ) 
[°C]
Thot,out 
[°C]
u (Thot,out )  
[°C] ρ [kg/m
3] v [m3/kg]
cp [J/kg 
K]
μ x104   
[kg/(ms)]
k 
[W/mK]
 Pr [-]
1 0.24 0.00032 30.51 0.16 21.34 0.17 996.81 0.0010 4180.65 8.72 0.61 5.96 9.04 3% 0.24
2 0.23 0.00032 45.24 0.16 29.10 0.17 993.38 0.0010 4176.85 6.88 0.63 4.58 15.81 1% 0.23
3 0.23 0.00031 64.42 0.16 40.29 0.17 987.05 0.0010 4179.86 5.23 0.65 3.39 23.14 1% 0.23
4 0.22 0.00032 84.71 0.16 64.89 0.17 974.79 0.0010 4195.51 3.75 0.67 2.36 18.62 1% 0.23
5 0.24 0.00048 30.28 0.16 19.99 0.17 997.01 0.0010 4181.14 8.88 0.61 6.08 10.15 2% 0.24
6 0.23 0.00085 44.90 0.16 26.62 0.17 993.87 0.0010 4177.01 7.08 0.63 4.72 17.85 1% 0.24
7 0.23 0.00048 63.45 0.16 35.11 0.17 988.47 0.0010 4178.61 5.51 0.64 3.59 27.09 1% 0.23
8 0.22 0.00048 83.37 0.16 56.71 0.17 977.63 0.0010 4191.52 4.00 0.66 2.53 25.05 1% 0.23
9 0.45 0.00048 29.92 0.16 23.82 0.17 996.57 0.0010 4180.10 8.54 0.61 5.82 11.38 4% 0.44
10 0.44 0.00049 44.30 0.16 33.47 0.17 992.75 0.0010 4176.76 6.66 0.63 4.41 20.09 2% 0.44
11 0.44 0.00050 62.84 0.16 46.67 0.17 985.89 0.0010 4181.03 5.03 0.65 3.25 29.56 1% 0.44
12 0.43 0.00048 84.05 0.16 70.49 0.17 973.27 0.0010 4197.65 3.63 0.67 2.28 24.34 2% 0.43
13 0.44 0.00032 30.31 0.16 25.18 0.17 996.33 0.0010 4179.63 8.37 0.61 5.69 9.55 5% 0.44
14 0.44 0.00033 44.92 0.16 35.94 0.17 992.17 0.0010 4176.78 6.46 0.63 4.27 16.69 3% 0.44
15 0.44 0.00033 64.14 0.16 52.04 0.17 984.21 0.0010 4182.90 4.77 0.65 3.06 22.05 2% 0.43
16 0.43 0.00032 85.51 0.16 75.56 0.17 971.22 0.0010 4200.52 3.49 0.67 2.19 17.88 2% 0.43
Primary circuit
?̇?hot kW ε(?̇?hot) % u(?̇?hot) kW
Test               
[#]
ṁcold 
[kg/s]
u (ṁcold ) 
[kg/s]
Tcold,in 
[°C]
u(Tcold,in ) 
[°C]
Tcold,out 
[°C]
u(Tcold,out ) 
[°C] ρ [kg/m
3] v [m3/kg]
cp [J/kg 
K]
μ x104   
[kg/(ms)]
k 
[W/mK]
 Pr [-]
1 0.15 0.00032 14.59 0.16 28.19 0.17 997.87 0.0010 4183.91 9.69 0.61 6.70 8.74 2% 0.15
2 0.16 0.00032 17.97 0.16 41.27 0.17 995.81 0.0010 4178.75 8.04 0.62 5.44 15.15 1% 0.15
3 0.15 0.00032 24.55 0.16 58.76 0.17 991.70 0.0010 4176.86 6.31 0.63 4.17 21.90 1% 0.16
4 0.15 0.00032 53.42 0.16 80.28 0.17 979.47 0.0010 4188.98 4.19 0.66 2.66 17.38 1% 0.16
5 0.24 0.00048 16.41 0.16 26.44 0.17 997.86 0.0010 4183.88 9.68 0.61 6.69 9.94 2% 0.23
6 0.24 0.00085 20.78 0.16 38.28 0.17 995.83 0.0010 4178.79 8.05 0.62 5.45 17.45 1% 0.24
7 0.24 0.00048 26.70 0.16 53.45 0.17 992.31 0.0010 4176.77 6.51 0.63 4.30 26.36 1% 0.24
8 0.24 0.00048 50.10 0.16 74.44 0.17 982.01 0.0010 4185.61 4.47 0.66 2.86 24.09 1% 0.24
9 0.24 0.00048 17.02 0.16 28.16 0.17 997.61 0.0010 4182.94 9.42 0.61 6.49 11.07 2% 0.23
10 0.24 0.00049 21.97 0.16 41.27 0.17 995.21 0.0010 4178.00 7.70 0.62 5.19 19.37 1% 0.24
11 0.24 0.00050 29.92 0.16 58.47 0.17 990.67 0.0010 4177.22 6.03 0.64 3.96 28.24 1% 0.24
12 0.24 0.00049 57.63 0.16 80.73 0.17 978.13 0.0010 4190.82 4.05 0.66 2.57 22.91 1% 0.24
13 0.15 0.00032 14.73 0.16 28.97 0.17 997.77 0.0010 4183.53 9.58 0.61 6.61 9.17 2% 0.15
14 0.16 0.00033 18.54 0.16 42.61 0.17 995.53 0.0010 4178.37 7.87 0.62 5.32 15.69 1% 0.16
15 0.15 0.00033 28.95 0.16 61.11 0.17 990.33 0.0010 4177.39 5.94 0.64 3.89 20.68 1% 0.16
16 0.16 0.00032 57.88 0.16 83.11 0.17 977.37 0.0010 4191.89 3.98 0.66 2.52 16.40 1% 0.16
Secondary circuit
?̇?cold  kW ε(?̇?cold) % u(?̇?cold) kW
ηth[%] Tair [°C] ΔTm               [°C]
Cmin             
[kW/K]
R [-] ΔTLMTD [°C]
F (N=37) 
[-]
ΔTMTD       
[°C]
NTU1       
[-]
Ɛ1       
[-]
NTU2 
[-]
Ɛ2     
[-]
0.31 0.28 3% 97% 22.77 0.89 0.64 0.65 10.22 4.14 0.94 3.90 3.61 0.88 3.49 0.85
0.67 0.28 4% 96% 30.00 3.39 0.65 0.66 17.72 6.94 0.89 6.21 3.92 0.89 3.75 0.85
1.25 0.28 5% 95% 35.75 11.25 0.64 0.67 25.51 9.85 0.89 8.81 4.10 0.91 3.88 0.86
1.23 0.27 7% 93% 50.98 19.85 0.65 0.69 20.25 7.39 0.89 6.61 4.35 0.92 4.06 0.86
0.21 0.33 2% 98% 22.77 0.51 0.99 0.99 13.67 3.71 0.96 3.55 2.90 0.74 2.84 0.73
0.40 0.34 2% 98% 28.89 3.75 0.98 0.98 23.55 6.22 0.92 5.75 3.18 0.76 3.11 0.74
0.73 0.33 3% 97% 36.17 8.51 0.96 0.97 35.14 9.18 0.92 8.49 3.34 0.77 3.25 0.75
0.96 0.33 4% 96% 49.67 16.49 0.94 0.95 31.27 7.71 0.92 7.13 3.74 0.80 3.60 0.77
0.32 0.50 3% 97% 23.31 1.42 0.99 0.53 12.82 3.73 0.95 3.54 3.23 0.89 3.14 0.86
0.72 0.50 4% 96% 30.08 5.17 1.00 0.54 22.41 6.35 0.95 6.03 3.32 0.90 3.20 0.86
1.33 0.50 4% 96% 38.56 10.91 0.99 0.54 32.55 9.21 0.92 8.49 3.52 0.91 3.37 0.87
1.43 0.49 6% 94% 53.56 19.66 0.99 0.55 26.21 7.05 0.95 6.69 3.67 0.93 3.45 0.87
0.38 0.47 4% 96% 23.47 1.33 0.64 0.35 10.03 4.43 0.83 3.67 4.04 0.95 3.88 0.91
1.00 0.47 6% 94% 30.00 5.50 0.65 0.35 17.19 7.48 0.71 5.33 4.80 0.97 4.51 0.91
1.37 0.46 6% 94% 39.72 11.84 0.64 0.35 22.63 9.89 0.69 6.87 4.99 0.97 4.68 0.91
1.48 0.46 8% 92% 55.14 20.38 0.65 0.36 17.96 7.65 0.47 3.63 7.58 1.00 6.96 0.91
?̇?max kW?̇?loss   kW u(?̇?loss) kW ?̇?loss %
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11 Appendix E: Construction details of the building 
envelope 
In this part some construction details of the building that was presented in the Chapter 4 
are summarised. It is important to reply that the results of the simulation of this building 
were used in order to have a reference space heating and cooling load in the laboratory 
for the tested system. In Table 38 the area values for the building walls and windows for 
each orientation are reported, while in Table 39 there are presented the thermal 
characteristics and thickness of the building stratigraphy. 
 
Table 39: External surface and fenestration ratio for the building object of this study [50]. 
Surfaces 
Floor 
Orientation External  Windows  
- m2 m2 % 
Ground floor 
North 34.7 2.1 6% 
East 22.4 2.2 10% 
West 22.4 2.2 10% 
South 34.7 6.9 20% 
First floor 
North 29.6 1.8 6% 
East 29.0 2.9 10% 
West 29.0 2.9 10% 
South 29.6 5.9 20% 
 
 
 
Table 40: Thermal characteristics and thickness of the envelope stratigraphy [50]. 
External Walls 
s λ ρ c    
[m] [W/m*K] [kg/m3] [kJ/kg*K]    
Internal plaster 0.02 0.90 1600 0.90    
Brick 0.25 0.25 1380 0.84  U Ulim 
Insulation (Eps) 0.10 0.04 17 1.20  [W/m2*K] [W/m2*K] 
External plaster 0.02 0.70 1800 0.90  0.27 ≤0.27 
Roof 
s λ ρ c    
[m] [W/m*K] [kg/m3] [kJ/kg*K]    
Internal plaster 0.02 0.90 1600 0.90    
Brick 0.16 0.50 1100 0.84    
Concrete 0.05 1.20 2000 0.78  U Ulim 
Insulation (Eps) 0.14 0.04 17 1.20  [W/m2*K] [W/m2*K] 
External tile 0.03 0.90 530 0.90  0.24 ≤0.24 
Internal walls 
s λ ρ c   
[m] [W/m*K] [kg/m3] [kJ/kg*K]   
Internal plaster 0.02 0.90 1600 0.90  U 
Brick 0.08 0.25 1380 0.84  [W/m2*K] 
External plaster 0.02 0.90 1600 0.90  1.872 
Active floor  s λ ρ c    
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(ground floor) [m] [W/m*K] [kg/m3] [kJ/kg*K]    
Ceramic 0.015 1.20 2000 0.88    
Screed 0.045 1.20 1600 1.00    
Active layer        
Screed 0.03 1.20 1600 1.00    
Insulation 
(VELTA_XPS) 0.05 0.030 35 1.20   
 
Concrete 
lightweight 0.05 0.12 1200 0.84  U 
Ulim 
Reinforced 
concrete 0.25 0.33 1500 0.84  [W/m
2*K] [W/m2*K] 
Insulation 
(VELTA_XPS) 0.01 0.030 35 1.20  0.29 ≤0.30 
Active floor  
(first floor) 
s λ ρ c   
[m] [W/m*K] [kg/m3] [kJ/kg*K]   
Wood 0.014 0.15 600 1.30   
Screed 0.045 1.20 1600 1.00   
Active layer           
Screed 0.03 1.20 1600 1.00   
Insulation 
(VELTA_XPS) 0.05 0.030 35 1.21   
Concrete 
lightweight 0.05 0.12 1200 0.84  U 
Reinforced 
concrete 0.25 0.33 1500 0.84  [W/m
2*K] 
Internal plaster 0.03 0.90 1600 0.90  0.31      
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